Advances in 


Food and Nutrition 
Research 


Volume 47 


CONTENTS 


CONTRIBUTORS TO VOLUME 47. . . .... e vii 


Milk Protein Modification to Improve Functional 
and Biological Properties 


Jean-Marc Chobert 


I. Introduction .............-..-..-.-.^.^.... 1 
IL Chemical Modification of Milk Proteins ........... 2 
III. Enzymatic Protein Processing ................ 37 
IV Genetic Engineering of Milk Proteins and Proteases ..... 50 
beds p BO a a 58 
Acknowledgements ..................08. 60 
References s v Secun So aie ie oce Te AE pee Pe ee BI a 60 


The Nutritional Significance, Metabolism and Toxicology 
of Selenomethionine 


Gerhard Norbert Schrauzer 


L Introduction: — i4 io so eke ee ho we Se RR ae 74 
IL Properties of Selenomethionine . .............. 74 
III. Methods of Analysis ........... leen 75 
IV. Synthesis. ^4 paced omo Roe Ro voro Rom RR he G TI 
V. Natural Occurrence and Biosynthesis ............ TI 
VI. Selenomethionine-containing Proteins and Enzymes ..... 82 
VII. Metabolism of Selenomethionine .............. 86 
VIII. Selenomethionine in Human Se Supplementation ...... 91 
IX. Se Yeast as an Animal Feed Supplement .......... 92 
X. Toxicity of Selenomethionine . ............... 94 
XI. Selenium Requirements and Recommended Dietary Intakes ; 101 
XII. Summary and Conclusions ...............0.. 102 


References: i uc RO oe he Me Sh ee p 102 


vi CONTENTS 


Echinacea as a Functional Food Ingredient 
Clifford Hall III 


Ll Introdüction: zoo uos ko Eee exeo demas 
IL Phytochemical Constituents ................. 
III. Standardization, Quality Assurance and Regulations .... . 
IV. Biological and Toxicological Activities ........... 
V. Echinacea as a Functional Food Additive .......... 
VL Conclusion. . s sos 5-22 lo Re o Rs 
Acknowledgements . .................... 
References. x4 92x ken ste RO dew kg eco osos 


Bioactive Peptides and Proteins 


Anne Pihlanto and Hannu Korhonen 


I. Introduction ......... es 
IL. Bioactive Food Proteins and their Biological Functions 
III. Bioactive Peptides Derived from Food Proteins ....... 
IV. Technological Processes for the Production of Bioactive 
Proteins and Peptides . ............ lll 
V. Safety Implications... .... llle 
ME Research- Needs. sor le 84 Ox Sexo woe ERU 
References- au Lo ROI ere ete care X dne Xs us 


Plant Products with Hypocholesterolemic Potentials 
Pulok K. Mukherjee 


I. Introduction ......... lees 
IL. Phytoconstituents with Hypocholesterolemic Potentials 
III. Herbs Useful in Hypercholesterolemia . ........... 
IV: Conclusion’ e e reget Bee fe dg wie DAS 
Acknowledgements . ................-.... 
References’: moz n m Rove nah ROS ke Ro eT go 


113 
117 
144 
148 
161 
164 
165 
165 


175 
176 
207 


237 
247 
248 
249 


278 
281 
298 
322 
324 
324 


339 


CONTRIBUTORS TO VOLUME 47 


Numbers in parentheses indicate the page on which the authors' contributions begin. 


Jean-Marc Chobert, Laboratoire d'Etude des Interactions des Molécules 
Alimentaires, Institut National de la Recherche Agronomique, Rue de la 
Géraudiére, B.P. 71627, 44316 Nantes Cedex 3, France (1) 


Clifford Hall Ill, 324 JACC, Department of Cereal and Food Sciences, 
North Dakota State University, Fargo, ND 58105, USA (113) 


Hannu Korhonen, MTT Agrifood Research Finland, Food Research, 
31600 Jokioinen, Finland (175) 


Pulok K. Mukherjee, Department of Pharmaceutical Technology, 
Natural Product Studies Laboratory, Jadavpur University, Kolkata 
700032, India (277) 


Anne Pihlanto, MTT Agrifood Research Finland, Food Research, 31600 
Jokioinen, Finland (175) 


Gerhard Norbert Schrauzer, Biological Trace Element Research Institute, 
2400 Boswell Rd., Suite 2000 Chula Vista, CA 91914, USA (73) 


MILK PROTEIN MODIFICATION TO IMPROVE 
FUNCTIONAL AND BIOLOGICAL PROPERTIES 


JEAN-MARC CHOBERT 


Laboratoire d'Etude des Interactions des Molécules Alimentaires 
Institut National de la Recherche Agronomique 
Rue de la Géraudiére 
B.P. 71627, 44316 Nantes Cedex 3 
France 


I. Introduction 
IL. Chemical Modification of Milk Proteins 
A. Phosphorylation 
B. Esterification 
C. Glycation of B-lactoglobulin Using Mild Conditions 
D. Thermal Modifications of Structure and Co-denaturation of 
a-lactalbumin and Q-lactoglobulin 
III. Enzymatic Protein Processing 
A. Limited Proteolysis and Functional Properties 
B. Allergenicity 
C. Bitter Peptides 
D. Transglutaminase and Dairy Products 
E. Liberation of Biologically Functional Peptides 
IV Genetic Engineering of Milk Proteins and Proteases 
A. Thermostability of B-lactoglobulin 
B. Gelation of B-lactoglobulin 
C. Design of Recombinant Enzymes Used for Protein Modification 
V. Conclusion 
Acknowledgements 
References 


I. INTRODUCTION 


The actual and potential use of milk proteins as food ingredients has been a 
popular topic for research over the past 30 years. Milk and dairy products 
have numerous advantages over competitors when used as ingredients: they 
are colorless, have a bland taste, are rather stable to processing, are free of 
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toxins and have constituents that can be easily fractionated. As ingredients, 
dairy products are used mainly for their physico-chemical properties. 

The effective utilization of proteins in food systems is dependent on 
tailoring the protein's functional characteristics to meet the complex needs of 
the manufactured food products. Many food proteins require modification to 
improve such functional properties as solubility, foaming and emulsifying 
activity (EA). Reviews on classical food protein modifications for improved 
functionality are available in the literature (Means and Feeney, 1971; Feeney 
and Whitaker, 1977, 1982, 1986). 

Functional properties of proteins are closely related to their size, structural 
conformation, and level and distribution of ionic charges. Chemical 
treatments, which could cause alteration of these properties, include reactions 
that either introduce a new functional group to the protein or remove a 
component part from the protein. Consequently, reactions such as acylation, 
phosphorylation, esterification, glycation, limited hydrolysis, and deamida- 
tion have been used to impart improved functional properties to the dairy 
proteins. 

This review concerns some chemical, enzymatic and genetic methods that 
modify dairy proteins with an emphasis on current developments. 


Il. CHEMICAL MODIFICATION OF MILK PROTEINS 


Primary structure of proteins can be chemically modified in order to improve 
their functional properties. This approach has been used with success to study 
the structure function relationships (enzymatic function, biological function, 
physico-chemical and functional properties). Deliberate chemical modifi- 
cation of food proteins can result in alteration of the nutritive value, formation 
of potentially toxic amino acid derivatives, and contamination by toxic 
chemicals. 

Alteration of amino acid residues can be obtained by heating at acid or 
alkaline pH. Main classes of reactions used to chemically modify the side- 
chain of amino acids are acylation, alkylation, oxidation and reduction 
(Figure 1). Some of them are described in this chapter. 


A. PHOSPHORYLATION 
1. Reaction conditions 


Phosphorylation is an effective way to increase negative charges in a protein 
molecule and thereby to improve functionality, particularly solubility. Either 
O- or N-esterification reactions can transfer inorganic phosphate (P;) 
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to proteins. In an O-esterification reaction, P; reacts with the primary or 
secondary hydroxyl on seryl or threonyl residues, respectively; or with the 
weakly acidic hydroxyl on tyrosyl residue, forming a —C—O- Pi bond. In 
N-esterification, P; combines with the s-amino group of lysyl residue, the 
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FIG. 1. Main chemical modifications of food proteins. 
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FIG 1. (continued) 


imidazole group of histidyl residue, or the guanidino group or arginyl residue, 
forming a —C-N- P, bond. The nitrogen-bound phosphates are acid labile 
and are readily hydrolyzed at pH values at or below 7. Proteins containing 
oxygen-bound phosphate are acid stable and are the modification of choice 
for food proteins since the pH of most food systems is 3—7 (Shih, 1992). 
Enzymatic phosphorylation by phosphorylases and phosphatases produces 
phosphoesters such as phosphoserine and phosphothreonine. Chemical 
phosphorylation of proteins changes their functional properties, improving 
them sometimes (Yoshikawa et al., 1981; Hirotsuka et al., 1984; Huang and 
Kinsella, 1986; Chobert et al., 1989; Matheis, 1991). However, the properties 
of the phosphorylated proteins depend entirely on the degree of denaturation 
and substitution defined by the reaction conditions and the protein (Medina 
et al., 1992; Sitohy et al., 1994). Casein was phosphorylated by the commonly 
used methods, characterized by use of excessive amounts of phosphorus 
oxychloride and with important additions of concentrated inorganic bases 
(Matheis et al., 1983; Medina et al., 1992). Thus, obtained phosphorylated 
caseins were highly cross-linked and partially insoluble and difficult 
to characterize. Hence, there arose a need to produce monomeric over- 
phosphorylated caseins more suitable for use and for study of their 
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functional properties. The monomeric forms are more hydrophilic, and easier 
to study and used as additives. It was found that the outcome of 
phosphorylation can be directed by the reaction conditions either towards 
the formation of polymeric or predominately monomeric phosphoproteins 
(Sitohy et al., 1994). 

Whole casein, which originally contained 6 mol P/mol protein, bound an 
additional 4, 7 and 11 mol P/mol protein when prepared with 25, 50 and 
100 mol POCI4/mol protein in the presence of triethylamine (Sitohy et al., 
19952). a,-, B- and k-casein fractions containing 7, 4 and 1 mol P/mol pro- 
tein, respectively, bound an additional 21, 20 and 9 mol P/mol protein when 
reacted with 100 mol POCI4/mol protein. The relatively lower extent of 
phosphorylation achieved for the whole casein, as compared to a,- or 
B-casein fractions, might be due to the complexing effect between casein 
components making some fragments of the protein molecule inaccessible for 
the reacting reagents. Alternatively, the relatively poor extent of k-casein 
phosphorylation might be due to its hydrophobic nature (Kato and Nakai, 
1980). Caseins with such properties were obtained not only by use of low 
molar ratios of POCI; (25—100 mol POCI;/mol protein) but also due to the 
presence of triethylamine allowing the reaction to proceed with such low 
POCI; molar ratios. The phosphorylation yields obtained in these conditions 
(low POCIj/protein molar ratios; 25—100 in the presence of triethylamine) 
were higher than those obtained by Matheis et al. (1983) and even higher in 
some cases than those obtained by Medina et al. (1992) who used extremely 
high POCIj/protein molar ratios (1000—2000) in the presence of an inorganic 
base. 

The SDS-PAGE patterns of the same samples showed small intermole- 
cular associations in the phosphorylated caseins especially when compared 
with the results obtained by Matheis ef al. (1983) and Medina et al. (1992) 
whose phosphorylated samples were entirely unable to enter the SDS-PAGE 
gel due to high cross-linking. 

The possibility of using basic amino acids in the form of free bases as the 
only base of the reaction was studied in order to eliminate the use of tertiary 
amines, which are nutritionally unacceptable (Sitohy et al., 1995b,c; Haertlé 
and Chobert, 1999). 

The extent of phosphorylation was proportional to the applied POCI4/ 
protein molar ratios. Phosphoamidation was proportional to the basic amino 
acid/POCI; molar ratio, which is in agreement with the previously observed 
importance of triethylamine acting as the proton scavenger (Sitohy et al., 
1994). The highest phosphorylation yield was observed for 80 mol POCI4/ 
mol protein and 6 mol lysine or arginine acid/mol POCl4. However, the 
highest phosphorylation achieved varied according to the (basic) amino acid 
used. This difference is clearly due to the different nucleophilicity of the three 
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amino acids used. The pK of the lateral groups of arginine, lysine and 
histidine are 12.48, 10.53 and 6.0, respectively. Hence, the pH of the starting 
reaction media using L-arginine, L-lysine and L-histidine in the form of free 
bases were 10.8, 9.7 and 7.6, respectively. It is well known that protonated 
primary amines are unreactive. Thus, basic pH is essential for the rapid 
formation of the phosphoamide bond. The obtained phosphorylation yields 
might seem low but they may be acceptable for food purposes and they 
are close to the highest phosphorylation (6 mol P/mol casein) reported by 
Matheis et al. (1983) using 2000 mol POCI;/mol protein. The secondary 
phosphoamide bond formation depends on the initial substitution of protein 
with —POCI, and —POCI showing higher yields for arginine than lysine and 
confirming the role of activated phosphate groups in secondary grafting of the 
amino acids on B-lactoglobulin. The use of arginine or lysine may be advised 
as a reaction base for low phosphorylation yield. The secondary grafting of 
the basic amino acid used for the reaction improved this method of 
eliminating the unacceptable quaternary amines (triethylamine). When other 
amino acids such as leucine, methionine, threonine or tryptophan were added 
(at a molar ratio of 2 mol/mol POCI;) in addition to the basic amino 
acid (molar ratio of 5 mol/mol POCI) to the reaction medium 
(80 mol POCI;/mol protein), the phosphorylation yield was reduced to 
2 mol P/mol protein. The arginine and lysine grafting yields were reduced 
to 2 mol amino acid/mol protein and the added amino acids did not form 
significant amounts of secondary phosphoamide bonds. This indicates the 
importance of the appropriate buffering by arginine and lysine conferred by 
the basicity of their lateral side-chains. 


2. Effect of phosphorylation of casein on its functional properties 


The pH-solubility curves presented in Figure 2 generally show that 
phosphorylated whole casein has greater solubility than native casein in 
neutral and basic pHs resulting from the displacement of the isoelectric point 
towards acidic values. The gradual displacement of the isoelectric points 
towards the acidic side demonstrates the gradual increase in the negative 
charges with increasing phosphorylation yield. However, highly phosphory- 
lated proteins are not resolubilized below their isoelectric point indicating 
some cross-linking. The solubility curves of the phosphorylated casein 
fractions (a,, B and K) show the same dependence of solubility profiles 
pointing to the monomeric state of the modified proteins since the polymeric 
form is poorly soluble and shows diffuse changes in the isoelectric points as 
previously found by Medina et al. (1992). 

The emulsifying activity index (EAI) curves for phosphorylated whole 
casein solution versus pH showed shift of their minima towards the acid 
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Protein solubility (46) 


FIG. 2. pH-solubility curves of phosphorylated caseins. I, whole native (e) and 
phosphorylated caseins [4 (O), 7 (€) and 11 (V) mol P/mol protein]. II, III and IV are a,-, 
B- and k-casein in the native (e) and phosphorylated (O) forms. (Source: From Haertlé and 
Chobert (1999), by courtesy of Food & Nutrition Press, Inc.) 


values (Figure 3). It was proportional to the extent of phosphorylation and to 
the shift of isoelectric point. EAI of the phosphorylated whole casein was 
lower in the pH range 6—7 than that of the native whole casein. This is quite 
visible in the case of the highly phosphorylated derivatives and was due to 
significant hydrophilicity increase. Near the isoelectric point of the native 
whole casein, EAI of the phosphorylated whole casein was higher than that of 
the native caseins. EAI decreased in the acidic pH range 2—4, which is close 
to the isoelectric points of the modified proteins. All the phosphorylated 
whole casein samples showed high stability at the pH range 3—6, and lower 
stability at the pH range 6-7, when compared to the native sample. 
Generally, all the phosphorylated caseins behave similarly, with phosphory- 
lated k-casein showing the biggest improvement of emulsifying properties. 
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FIG. 3. Emulsifying activity index of native (e) and phosphorylated whole caseins 
[4 (O); 7 (€) and 11 (V) mol P/mol protein]. (Source: From Haertlé and Chobert (1999), 
by courtesy of Food & Nutrition Press, Inc.) 


Since the emulsifying properties depend on the balance between hydro- 
phobicity and hydrophilicity at the protein surface, a very high yield of 
phosphorylation may disrupt this balance. The higher improvement of 
emulsifying properties of k-casein was due to its original high hydro- 
phobicity, which diminished after phosphorylation. 

Table I shows that the foaming properties of whole casein improved 
by slight phosphorylation. The lowest phosphorylated form of casein 
(4 mol P/mol protein) showed higher foam hydration and stability than the 
native whole casein. However, the highly phosphorylated whole casein 
(11 mol P/mol protein) showed poor foaming properties. The foam hydration 
of a,-casein deteriorated while that of k-casein improved by phosphorylation. 
This discrepancy seemed to be caused by a different initial hydrophobic/ 
hydrophilic balance of the proteins in their native states. However, foam 
stabilities of all casein fractions were reduced by phosphorylation, with 
K-casein being only slightly affected. 

The highest phosphorylated samples of B-lactoglobulin in the presence 
of arginine and lysine showed EAI of 254 and 229 m?/g, respectively, 
which represented an improvement as compared to EAI of native 


TABLEI 
FOAMING PROPERTIES OF NATIVE AND PHOSPHORYLATED CASEINS 


Protein sample 1* 2 3 4 5 6 
TF(s) FV max LV max FV 20 min LV 20 min HL (s) 

Native whole casein 201 50 3.7 + 0.05 30.6 + 0.08 0.71 + 0.05 460 + 15 
Phosphocaseins: 

(4 mol P/mol protein) 201 50 4.25 + 0.04 36.5 + 0.11 0.78 + 0.07 471 + 10 

(7 mol P/mol protein) 204 50 4.11 + 0.05 34.1 + 0.15 0.71 + 0.04 460 + 11 

(11 mol P/mol protein) 218 50 2.75 + 0.02 15 + 0.09 0.24 + 0.02 453 + 12 
Native a-casein 206 50 6.75 + 0.06 41.3 + 0.09 1.63 + 0.05 556 + 14 
Phospho a-casein 212 50 5.2 + 0.05 21.2 + 0.08 0.79 + 0.07 421 + 13 
Native B-casein 203 50 6.14 + 0.09 47 + 0.21 1.72 + 0.04 552 + 11 
Phospho B-casein 206 50 6.24 + 0.16 34.7 + 0.34 1.1 + 0.05 476 +5 
Native k-casein 206 50 4.42 + 0.04 48.7 + 0.15 1.33 + 0.11 475 + 16 
Phospho k-casein 205 50 5.65 + 0.09 45.1 + 0.13 1.1 + 0.12 445 + 14 


Source: From Haertlé and Chobert (1999), by courtesy of Food & Nutrition Press, Inc. 
“1: Time of foaming (s); 2: Maximum foam volume (ml); 3: Maximum liquid volume in foam; 4: Foam volume after 20 min; 5: Liquid volume in foam after 
20 min; 6: Half-life of foam (s). 
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B-lactoglobulin (160 m/?/g). The stability of emulsions prepared with phos- 
phorylated B-lactoglobulin was also higher than the stability of emulsions 
prepared with native B-lactoglobulin. Emulsion prepared with phosphoarginyl 
B-lactoglobulin amide exhibited the highest stability. Such improvement in 
the emulsifying properties of the phosphorylated proteins agrees well with the 
results reported by Sung et al. (1983), Hirotsuka et al. (1984), and Huang and 
Kinsella (1987). According to these authors, the improvement in emulsifying 
properties could be explained in light of the increased negative charges on the 
phosphorylated proteins, which tends to cause electrostatic repulsion between 
the negatively charged emulsion faces, reducing the flocculation and 
coalescence of the emulsions. Consequently, a significant improvement of 
emulsifying properties can be achieved with moderate phosphorylation. 


B. ESTERIFICATION 


The esterification reaction is an important tool for modifying food proteins. 
Esterification with different alcohols leads to the blocking of free carboxyl 
groups thus raising the net positive charge, making the modified proteins 
more basic (Wilcox, 1967; Mattarella et al., 1983; Halpin and Richardson, 
1985). The basicity of the modified protein depends on the degree of 
esterification and on the original content of basic amino acid residues on the 
protein molecules. This modification has shown its impact on the folding 
and peptic hydrolysis of B-lactoglobulin (Briand et al., 1995). While 
B-lactoglobulin is resistant to peptic hydrolysis in aqueous and physiological 
conditions, an ethylated B-lactoglobulin derivative was highly susceptible to 
pepsin hydrolysis in aqueous conditions. The esterified B-lactoglobulin 
exhibited 22 new sites of pepsin cleavage (Briand et al., 1995; Chobert et al., 
1995) as compared to the peptic peptides obtained when hydrolysis of native 
p-lactoglobulin was performed in hydro-ethanolic conditions (Dalgalarrondo 
et al., 1995). Hence, the reaction might be a good tool for increasing peptic 
digestibility of food proteins or producing specific new unconventional 
peptides exhibiting novel activities. Moreover, the high isoelectric points of 
the esterified proteins might endow them with new physico-chemical and 
functional properties (Mattarella and Richardson, 1983; Halpin and 
Richardson, 1985; Chobert et al., 1990). 

Since the initial work of Fraenkel-Conrat and Olcott (1945), protein 
esterification has been described in a number of studies (Mattarella et al., 1983; 
Chobert et al., 1990, 1995; Bertrand-Harb et al., 1991; Briand et al., 1994, 
1995). The conventional procedure involves three steps. The first step is the 
mixing of reactants (protein, alcohol and acid). The second step is the 
esterification reaction itself, which generally ranges in length from one to 
several days, at 4°C. The last step is reaction termination and product recovery. 
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The length of the reaction, which may reach 10-12 days, could limit the 
reproducibility and applicability of this reaction. Additionally, the 
method used to recover the product at the end of the reaction can lead to 
side-reactions. In some procedures (e.g., Halpin and Richardson, 1985; 
Bertrand-Harb et al., 1991), the reaction medium at the end of the reaction time 
was combined with an equal volume of water, then dialyzed against water for 
several days, which can lead to deesterification (Bertrand-Harb ef al., 1991). 
Another way to recover the reaction product was by drying under vacuum 
(Briand et al., 1995). 

Protons are essential catalysts of the esterification process, which will not 
proceed to any extent if they are absent in the reaction medium. 
Consequently, determining the optimum amount of protein catalyst required 
for the reaction is extremely important (Sitohy et al., 2000). 


1. Factors influencing esterification. Study of B-lactoglobulin as a model 


a. Influence of time-course of reaction. The reaction time-course (8, 16, 24, 
48, 72 and 96 h) was followed in an esterification process using B-lactoglobulin 
(3% protein concentration) dispersed in 95% ethanol in the presence of 0.7N 
HCl. The extent of esterification increased gradually with the length of reac- 
tion as 11, 14, 23, 28, 32 and 36%, respectively. It is obvious that under the 
conditions used, the esterification did not reach its maximum even after 96 h 
of reaction. Consequently, in order to increase the extent of modification after 
shorter reaction times, conditions should be modified drastically. For example, 
protein and acid concentrations can be increased. The length of reaction is 
alcohol-dependent since it was observed that esterification with methanol 
reached its maximum within 24 h by using less concentrated solutions. 


b. Influence of temperature. Comparative experiments (2% protein, 0.7N 
HCI final concentration) were carried out by esterifying B-lactoglobulin with 
99.7% ethanol at three different temperatures (4, 10 and 20°C). The reaction 
was stopped after 8 h. The extent of esterification increased with the increase of 
temperature, being 2, 4 and 8% at 4, 10 and 20°C, respectively. However, the 
products obtained in higher reaction temperatures developed violet coloration 
after drying showing that high temperatures may induce side-reactions. Wilcox 
(1967) stated that higher temperatures may give insoluble esterified products. 
Consequently, although higher temperatures may increase the reaction rates, 
they should not be used in order to avoid undesired side-reactions. 


c. Influence of the presence of water. Water is required for the reaction 
at proportions depending on the type of alcohol (ethanol, methanol, and 
n-propanol) used. Water is required to dissociate hydrochloric acid supplying 
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the protons needed for the activation of the carboxyl groups during the 
esterification reaction. Water in the medium may also be used to form a 
hydration layer around the protein molecules, which helps us to organize the 
hydrophobic moieties in the globulin core (Tanford, 1980), thus making the 
carboxyl groups more accessible for esterification. The importance of water 
for the esterification reaction was indirectly considered by Halpin and 
Richardson (1985) who used 95% ethanol to esterify B-lactoglobulin while 
using anhydrous methanol for the same purpose. 


d. Influence of the type of alcohols. The comparison of different alcohols 
used for esterification showed that methanol is the most reactive and can 
esterify most of the carboxyl groups of B-lactoglobulin, leading to a 
maximum esterification extent of 97% when traces or 1% water is present in 
the starting alcohol. The final amount of water in the reaction medium also 
depends on its quantity contained in the added acid. 

The difference between reactivity of alcohols agrees with the results of 
Fraenkel-Conrat and Olcott (1945) and Halpin and Richardson (1985) who 
found that methanol was most reactive as an esterifying agent followed by 
ethanol and then n-butanol. Mattarella et al. (1983) found that in methanol 
the esterification reaction progressed quicker than in ethanol, while there 
was no evidence for esterification in propanol, butanol or pentanol even after 
one-week reaction time. The reason for such a difference according to the 
alcohols used is due to their different polarity and structural hindrance, which 
is especially evident in isopropanol. 


e. Effect of the protein concentration. The effect of the protein 
concentration was investigated using different conditions. Esterification was 
performed for 24 h at 4°C in 95% ethanol and 0.7N HCl. B-Lactoglobulin 
was added at 2, 3, 4 and 5% (Table II). Increase of protein concentration 
from 2 to 3% slightly enhanced the extent of esterification. However, a 
further increase till 4 and 5% had an adresse effect on the reaction, resulting 
in poorer extents of esterification. During esterification, carboxyl groups of 
the protein should first be activated with protons before reacting with the 
alcohol. Consequently, the most important factor for the reaction is not the 
protein concentration per se, but the concentration of activated carboxyl 
groups. Taking into account that acid concentration was equal in all 
preparations with different protein concentrations, it can be concluded that 
the ratio H*/COOH became lower when the protein concentration was 
increased up to 4 or 5%. Hence, with higher protein concentrations, the 
reactivity of carboxyl groups was lower and, consequently, the extent of 
esterification was reduced. In this series of preparations, the initial 
H*/COOH ratio was equal to 24 when using 2% protein and 0.7N HCl, 


TABLE II 


EXTENT OF ESTERIFICATION OF 8-LACTOGLOBULIN WITH 95% ETHANOL AS INFLUENCED BY PROTEIN AND HYDROCHLORIC ACID 
CONCENTRATIONS IN THE REACTION MEDIUM AT 4 °C 


Acid normality 0.7N 1.4N 

Time (h) 24 14 

Protein concentration (%) Extent of esterification (%) 
2 36 + 0.71 

3 38 + 0.87 

4 21 + 1.04 44 + 0.46 

5 21 + 0.75 


Source: From Haertlé and Chobert (1999), by courtesy of Food & Nutrition Press, Inc. 
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decreasing to 12 when switching to 4% protein and 0.7N HCI. In the latter 
case, the activated carboxyl groups available for the reaction are expected to 
be less numerous and, consequently, the relatively lower extent of 
esterification is justified. 

In another series of experiments, the H*/COOH ratio was kept a constant 
(24 mol H*/mol COOH group, as in the case of a 2% preparation) during the 
esterification of 4 and 5% B-lactoglobulin. Results in Table II show that 
protein concentration in such conditions is an essential factor for the reaction. 
The extent of B-lactoglobulin esterification in 95% ethanol was remarkably 
enhanced up to 51% after 24 h reaction when using 4% protein. Increasing the 
protein concentration up to 596 with the same H*/COOH molar ratio equal to 
24, further increased the extent of esterification up to 57%. Even by 
decreasing the reaction time to 14 h, protein was more esterified when present 
at 4 or 5%, compared to that obtained after 24h with 2% protein. 
Consequently, protein concentration is an important driving force for the 
reaction if supplied in the form of activated carboxy] groups. This factor can 
not only maximize the esterification yield but also shorten the time required to 
attain this maximum. 


2. Application to a-lactalbumin 


a-Lactalbumin (5%, w/v) was esterified for 6 h at 4°C with — 99.590 alcohols 
(methanol, ethanol, n-propanol) using 20, 40 and 60 molar ratio (MR, mole 
acid/mole carboxyl group) (Sitohy et al., 2001a). a-Lactalbumin was more 
resistant to esterification than B-lactoglobulin with the different alcohols 
used. Even in the presence of methanol, the extent of esterification did not 
exceed 5246 with the highest concentration of HCl. This may be due to the 
more compact conformation of a-lactalbumin, which may be better protected 
than B-lactoglobulin against the nucleophilic attack by the alcohols. a-Lac- 
talbumin may be subject to conformational changes in acidic conditions 
followed by a strong increase of surface hydrophobicity. Hence, the contact 
with hydrophilic alcohols should be limited. However, methanol was still 
more reactive as an esterifying agent than the other two alcohols used with 
both proteins. In order to achieve higher extents of esterification in the case of 
a-lactalbumin, either the reaction time should be prolonged or the molar ratio 
of HCI should be increased. 

SDS-PAGE patterns of esterified a-lactalbumin did not differ from those 
observed for native protein, indicating no sign of hydrolysis or polymeriz- 
ation. Hence, the conditions used for esterification did not affect the 
molecular size of the modified protein. 
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3. Application to B-casein 


Extent of esterification of B-casein increased gradually parallel to the increase 
in the molar ratio of HCl (Sitohy et al., 2001a). As observed with B- 
lactoglobulin, methanol achieved the highest rates of esterification. How- 
ever, propanol was more efficient than ethanol, which was the opposite of 
the results obtained with B-lactoglobulin. This discrepancy might be due to 
conformational differences between these two proteins. 

The relatively low extents of esterification obtained using ethanol and 
propanol could be due to the following factors: (1) low polarity of the reaction 
medium; (2) inadequate protein concentration; (3) insufficient amount of 
catalyst HCl. 

In order to increase the polarity of the medium, ethanol and propanol were 
used at a concentration of 9596 during esterification of 5% B-casein using a 
molar ratio of 30, 40 and 50. The extent of esterification decreased con- 
siderably (about 5096 decrease) when compared with the values obtained in 
the presence of — 99.596 alcohol. Although water might be needed to enhance 
the polarity of the reaction medium, it should not exceed a certain limit. 

The role of protein concentration was examined by esterifying B-casein for 
6h with 99.7% ethanol and 99.5% propanol using a molar ratio of 70 and 
protein concentrations of 3, 4 and 5%. The respective extents of esterification 
were 26, 45 and 56% with ethanol and 36, 49 and 54% with propanol 
indicating that a protein concentration of 596 was the most efficient as was 
observed with B-lactoglobulin. 

In order to examine the effectiveness of the third important factor playing a 
role in esterification yield, B-casein (5%) was esterified using higher molar 
ratio (60, 70 and 80). The modified product was recovered either by 
centrifugation or by filtration under vacuum. The extent of esterification 
could be increased up to 59 and 56% in the presence of ethanol and propanol, 
respectively, when using a molar ratio of 80 and when the resulting product 
was recovered by centrifugation. These values were slightly lower (51 and 
53%) when the modified product was recovered by filtration. Since 
centrifugation is more time consuming than filtration under vacuum, and 
leaves the reactants in contact for an additional period, this may be one of the 
causes of a higher esterification yield. However, the use of filtration under 
vacuum may have the advantage of reducing the time and energy costs 
associated with freeze-drying (3—4 days). 


4. Factors influencing pepsinolysis of ester derivatives of B-lactoglobulin 


Esterification generally enhances the susceptibility of proteins to peptic 
action (Briand et al., 1995; Chobert et al., 1995). This was most evident with 
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B-lactoglobulin methyl ester, which underwent the highest degree of 
esterification. It was easily hydrolyzed by as low as 0.125% enzyme/substrate 
ratio (E/S) of pepsin, at a low temperature (4°C) and for short incubation 
times (15—30 min) reaching a high degree of hydrolysis (DH) independent of 
the substrate protein concentration. Hence, esterification can be a good 
method for improving the peptic digestibility of pepsin-resistant proteins, 
such as B-lactoglobulin and some legume proteins (Sakai et al., 1997; Vieths 
et al., 1999). Consequently, it can eliminate their allergenicity and enhance 
their biological value (see Section IILB.). Tricine-SDS PAGE of peptic 
hydrolysates of esterified B-lactoglobulin were characterized mainly by low 
molecular mass bands in the case of methyl and ethyl derivatives, while there 
were additional bands of medium molecular mass in the case of propyl ester 
derivatives. Hence, both the degree of esterification and the nature of the ester 
group are responsible for this difference (Sitohy et al., 2001e). A high extent 
of esterification (10096) increased the amount of peptic cleavage sites 
throughout the protein molecule, giving rise to low molecular mass peptides 
of about 3 kDa. In contrast, peptic hydrolysates of propyl ester derivatives of 
B-lactoglobulin (44% esterified) showed an additional band of a medium 
molecular mass of 5-6 kDa. Reversed phase-high performance liquid 
chromatography (RP-HPLC) profiles of peptic hydrolysates of esterified 
B-lactoglobulin showed a broad population of hydrophilic peptides 
independent of the nature of the ester group or of the extent of esterification. 
This was due mainly to the increased availability and to the spread of the 
peptic cleavage sites throughout the esterified molecules, leading to their lysis 
into small hydrophilic peptides. RP-HPLC profiles of esterified B-lacto- 
globulins differed from those of native Q-lactoglobulin. This means that 
esterification gives rise to new peptides. There were only slight differences 
between the profiles of methyl and ethyl ester hydrolysates. However, 
RP-HPLC profile of hydrolysate of B-lactoglobulin propyl ester was different 
from those obtained with methyl and ethyl esters. In order to obtain more 
hydrophobic peptides by peptic hydrolysis, the esterifying agent should have 
a relatively long aliphatic chain and the conditions of hydrolysis should 
be mild. 


5. Peptic hydrolysis of ester derivatives of B-casein and a-lactalbumin 


In a recent work (Sitohy et al., 2001b) 100% methyl-, 59% ethyl- and 5696 
propyl-esters of B-casein, and 52% methyl-, 36% ethyl- and 2596 propyl- 
esters of a-lactalbumin were prepared. The degree of pepsinolysis (% DH) 
was enhanced considerably after esterification. Methyl esters of both proteins 
yielded the highest levels of DH. Compared to SDS-PAGE of peptic 
hydrolysates of native proteins, those of esterified B-caseins demonstrated the 
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disappearance of the bands corresponding to peptides of medium and high 
molecular masses. SDS-PAGE of peptic hydrolysates of esterified a-lactal- 
bumin showed the disappearance of the bands corresponding to peptides 
of low molecular masses. Compared with native protein, RP-HPLC profiles of 
peptic hydrolysates of esterified B-casein showed more hydrophobic peptides. 
The major changes in RP-HPLC of peptic hydrolysates of esterified 
a-lactalbumin concerned peptides eluted lately (hydrophobic), while the 
distribution of peptides eluted early (hydrophilic) remained constant. 


6. Improvement of functional properties of milk proteins by esterification 


Milk proteins have good inherent functionalities as well as high nutritional 
values. Hence, they are used as ingredients in a wide range of food products 
(Huffman, 1996; McCrae et al., 1999). Due to its amphiphilic properties, 
B-casein is one of the most surface active milk proteins (Mitchell et al., 1970; 
Benjamin et al., 1975). However, because of the acid isoionic points of milk 
proteins, their functional properties are worst in that range of pH, when 
compared to the alkaline range. Adsorption of B-lactoglobulin to fat globules 
increases with increased pH, exhibiting good EA in the alkaline pH range 
(Yamauchi et al., 1980; Nagasawa et al, 1996; Hattori et al., 1997). 
Adsorption of B-lactoglobulin on the oil— water interfacial layer is strongly 
reduced with decreasing pH reaching 61.6 and 12.996 at pH 9 and 3, 
respectively. This can be attributed to pH-dependent structural changes since 
B-lactoglobulin molecules are more rigid at acid pH (Shimizu et al., 1981, 
1985; McCrae et al., 1999). Recently, it was confirmed that pH influences the 
interfacial composition and stability of emulsions prepared from egg yolk 
proteins (Le Denmat ef al., 1999). Generally, the most important factors 
determining the emulsifying properties of whey proteins are protein 
concentration, pH, ionic strength and history of processing and storage 
conditions. EA also depends on the flexibility of protein molecules since 
flexible molecules such as caseins can spread over the oil — water interface in 
contrast to more rigid proteins such as the whey globulins (Hunt and 
Dalgleish, 1994). When B-lactoglobulin adsorbs at an oil— water interface, it 
denatures partially exposing its highly reactive free sulfhydryl groups 
(Corredig and Dalgleish, 1995), which can then interact with similar groups 
of neighboring molecules forming polymers. The second major whey protein, 
a-lactalbumin, was found to inhibit B-lactoglobulin polymerization 
(Dickinson and Matsumura, 1991; Monahan et al., 1993). Hence, the ability 
of a protein molecule to form and stabilize oil droplets is closely linked to the 
structure and conformation of the molecule (Das and Kinsella, 1990). 

Since good solubility and emulsification properties at acidic pHs are 
required for some food applications such as acid soft drinks and acid foods, 
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modification of proteins improving their functional properties in this pH 
range may be needed. Esterification of proteins was proved to block the 
protein negative charges thus increasing the net positive charge and raising 
the protein isoionic points. This should render the modified proteins more 
soluble and likely much more tensio-active in the acidic range of pH. The 
isoionic point of B-lactoglobulin was raised from 5.2 in its native state to 6.2, 
8.7 and 9.8 after its esterification with butanol, ethanol and methanol, 
respectively (Mattarella and Richardson, 1983; Halpin and Richardson, 
1985). Similar features were observed during esterification of B-casein 
(Chobert et al., 1990). The magnitude of change in the isoionic point values 
depends on the degree of esterification (Chobert eft al., 1990; Bertrand-Harb 
et al., 1991; Sitohy et al., 2000). Alternatively, methyl and ethyl esterification 
of B-lactoglobulin resulted in randomized protein structures (Mattarella et al., 
1983). Generally, partial denaturation of proteins results in increased surface 
activity compared to the native globular forms (Mitchell et al., 1970). Hence, 
esterified B-lactoglobulins were more efficient in lowering the interfacial 
tension at the oil—water interface as a result of increased surface 
hydrophobicity (Halpin and Richardson, 1985). It was also reported that 
EA of esterified B-lactoglobulins is worse than that of the native form 
(Mattarella and Richardson, 1983; Chobert et al., 1990). This discrepancy 
might be due to differences in pH or any other limiting factors used in each 
study. In previous studies, the change of EA of esterified proteins was 
followed by measurement of turbidity according to the method of Pearce and 
Kinsella (1978). Since the oil droplet size may better reflect EA, Sitohy et al. 
(2001c) measured the change of this parameter in order to elucidate the 
changes in EA and stability of different esterified milk proteins in the acidic 
and neutral ranges of pH. This yielded information on the suitability of using 
esterified proteins as ingredients in acid foods or to fortify acid soft drinks. 
Moreover, it was reported that oil droplet size influences the organoleptic 
perception of food emulsions and that the interfacial layer surrounding the oil 
droplet may be a determinant factor controlling the stability of the emulsion 
towards flocculation and coalescence (Mine, 1998; Aluko and Mine, 1999; Le 
Denmat et al., 1999). 

Three milk proteins (-lactoglobulin, a-lactalbumin and -casein) were 
esterified to different extents with methanol, ethanol and propanol; then their 
solubility was studied in the pH range 3-10. Solubility of B-lactoglobulin 
esters depends on the degree of esterification as well as on the nature of the 
grafted ester groups. Samples of highly esterified B-lactoglobulin (99%) 
gave rise to a more homogenous protein population with a minimum of 
solubility near pH 10, while those with low degrees of esterification gave a 
heterogeneous population showing two solubility minima (Figure 4). 
Consequently, two opposite effects of esterification on the solubility of 
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FIG. 4. Solubility profiles of B-lactoglobulin esterified to different extents with [A]: 0% 
(—), 85% (+++ +++ ), 94% (—-.—) and 99% (— —) methanol; [B]: 0% (—), 44% (+--+ ), 49% 
(—-—) and 73% (— —) ethanol; [C]: 0% (—), 34% (------ ), 39% (—-—) and 49% (— —) 
propanol. (Source: From Sitohy et al. (2001c), by courtesy of Wiley-VCH Verlag, GmbH.) 
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p-lactoglobulin in the acidic pH range could be perceived. The first factor 
improving solubility results from the isoelectric point shift towards the 
alkaline pH. The second factor lowering solubility results from replacing 
hydrophilic carboxylic groups by hydrophobic ester groups. The overall 
protein solubility is a result of the interplay between these two effects. The 
first effect is more efficient in the case of the most esterified derivatives and 
when the grafted ester group is of a less hydrophobic nature (e.g., methyl). 
The second effect is more prominent in case of derivatives with a low degree 
of esterification and when the grafted ester groups are more hydrophobic 
(e.g., propyl). This may explain the reduced solubility reported in case of 
some esterified proteins at acid pHs (Mattarella and Richardson, 1983; 
Chobert et al., 1990). 

a-Lactalbumin methyl ester was more soluble in the acidic range of pH 
and less soluble in the alkaline range of pH as compared to unmodified 
protein (Figure 5). The low methylated sample (3896) showed two regions 
with a minimum of solubility (pH 5.6 and 6.8) compared to pH 7.2 and 8.8 for 
the 52% methylated derivative. Similarly, the highly ethylated o-lactalbumin 
sample (3696) showed improved solubility in acid conditions and decreased 
solubility in the alkaline range of pH value. The solubility of the low 
ethylated derivative (11%) was improved whatever the pH. The solubility 
curves of a-lactalbumin propyl esters were similar to that of ethyl derivatives. 
However, the reduction of solubility of propyl esterified derivatives was 
more pronounced when compared to a-lactalbumin ethyl esters showing 
solubility levels of 47-50% and 67-70%, respectively. As observed with 
B-lactoglobulin ester derivatives, the nature of the grafted ester group is an 
important factor for the solubility of the modified a-lactalbumin. Comparison 
of solubility of a-lactalbumin propyl esters with that of -lactoglobulin 
propyl esters shows a different behavior for these two families of esters. 
While grafted propyl ester groups decrease the solubility of B-lactoglobulin 
in the acidic pH range, they improve the solubility of a-lactalbumin. 
Consequently, the conformation of the esterified protein might play an 
important role on the solubility of the protein. Hence, it is not only the nature 
of the grafted ester group that determines the solubility of the modified 
protein but also the nature of the protein itself. 

As observed with B-lactoglobulin and a-lactalbumin, the isoelectric points 
of esterified B-casein shifted towards the alkaline pH range. The magnitude of 
this shift was proportional to the extent of esterification. B-Casein methyl esters 
(Figure 6A) being the more esterified samples (60, 88 and 100% esterification) 
showed higher magnitudes of isoelectric point shift compared with other types 
of esters. The decrease of solubility in the alkaline pH range (7—9) was more 
evident for B-casein methyl esters, giving a minimum of solubility as low as 
20% for the highly esterified samples (88 and 100% esterified). The minimum 
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FIG. 5. Solubility profiles of a-lactalbumin esterified to different extents with [A]: 0% 
(—), 3896 (— —) and 5296 (-- ) methanol; [B]: 0% (—), 11% (— —) and 36% (+--+. ) 
ethanol; [C]: 0% (—9, 8% (— —) and 24% (------ ) propanol. (Source: From Sitohy et al. 
(2001c), by courtesy of Wiley-VCH Verlag, GmbH.) 
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FIG. 6. Solubility profiles of B-casein esterified to different extents with [A]: 0% (—), 
66% (— —), 88% (—-.—) and 100% (--- --- ) methanol; [B]: 0% (—), 17% (— —), 33% (—-—) 
and 59% (- ----- ) ethanol; [C]: 096 (—), 2696 ( ), 3896 (—-—) and 56% (- ----- ) propanol. 
(Source: From Sitohy et al. (2001c), by courtesy of Wiley-VCH Verlag, GmbH.) 
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of solubility of B-casein esters is mainly observed for one pH value or one pH 
range in contrast to two minima previously observed with B-lactoglobulin and 
a-lactalbumin. This may be because the flexible structure of B-casein makes 
the alcoholic groups more accessible to nucleophilic attack, giving rise to more 
homogeneous esterified populations. The hydrophobic core of B-lactoglobulin 
is certainly more resistant to the nucleophilic attack of the alcoholic groups at 
the beginning of the reaction, becoming only accessible with the progress of 
esterification or at higher protein concentrations giving rise to different 
molecular populations. 

Comparison of methyl and ethyl esters of B-casein shows a more important 
shift of isoelectric point for the methyl derivative due to the higher extent of 
modification. Moreover, the solubility of B-casein methyl esters is smaller in 
the alkaline range of pH (7—9) due also to the high extent of modification. 
However, although ethyl and propyl esters of B-casein displayed similar 
extents of substitution (~ 20 to ~ 60%) and had a similar shift of isoelectric 
points, the propyl ester derivatives were less soluble in the alkaline pH range 
than the ethyl ester derivatives probably because of the more hydrophobic 
nature of grafted propyl groups. It can be concluded that the solubility was 
improved only between pH 4 and 5. This property might find some practical 
application when using esterified proteins as additives for beverages instead 
of protein hydrolysates that often have a bitter taste (see Section IILC.). 

Comparison of the solubility of all three esterified proteins showed that the 
magnitude of the shift in the isoelectric points decreased in the following 
order: B-lactoglobulin > a-lactalbumin > B-casein. 

Emulsifying properties of esterified milk proteins were also studied in the 
pH range 3-7 by measuring the oil droplet size using laser light scattering 
(Table III). EA and stability of esterified milk proteins in the acidic pH range 
3—5 were generally higher compared to the corresponding native proteins. 
This improvement was associated with the degree of solubility, the degree of 
esterification, the type of ester group grafted and the nature of the used 
protein. The highest EA improvement was observed for methyl ester 
derivatives at pH 5 where the native proteins have poor emulsifying 
properties (Sitohy et al., 2001c). 


7. Change in biological properties 


a. Formation of complexes between DNA and esterified dairy proteins. 
As with many natural basic proteins such as histones and lysozymes, plasmid 
DNA can interact with methylated a-lactalbumin and methylated B-lacto- 
globulin forming complexes (Sitohy et al., 2001d). The stability of the 
complex was tested at different pH, temperatures and salt concentration, and 
after enzyme digestion with DNase I and pepsin. Incubation at 37°C for long 


TABLE III 


EMULSIFYING ACTIVITY AND STABILITY OF NATIVE AND ESTERIFIED MILK PROTEINS MEASURED BY OIL DROPLET DIAMETER, DIRECTLY AFTER 


EMULSIFICATION OR AFTER A TWO-WEEK STORAGE AT 4 °C USING 4 MG/ML PROTEIN CONTENT AND 15% SUNFLOWER OIL 


pH Emulsifying activity (oil droplet diameter, jum) Emulsifying stability (oil droplet diameter, p.m) 

Native Methyl Ethyl Propyl Native Methyl Ethyl Propyl 
B-Lactoglobulin 
4 1.37 + 0.00 1.17+0.04 1.13 — 0.08. 1.13 + 0.04 140+0.03 1.24 + 0.03 1.40 € 0.05 1.30 + 0.03 
5 1.64 + 0.08 1.18 + 0.06 1.15 +0.06 1.32 + 0.03 1.93 + 0.05 1.33 + 0.03 1.34 + 0.04 1.41 + 0.04 
7 0.97 + 0.06 1.20 +0.04 1.25 € 0.08 1.46 + 0.06 1.02 + 0.02 1.30 +0.05 1.48 +0.06 1.61 + 0.05 
a-Lactalbumin 
4 0.94 + 0.02 1.11 + 0.04 0.95 + 0.07 1.21 + 0.03 0.88 + 0.02 1.07 +0.02 0.97 € 0.02 1.22 + 0.02 
5 1.21 + 0.03 0.92 + 0.07 1.03 + 0.00 1.24 + 0.04 1.15 +0.03 0.93 +0.02 0.95 = 0.02 1.21 + 0.02 
7 0.71 + 0.02 1.06 +0.06 1.64 +0.05 1.67 +0.06 0.67 X 0.001 1.07 +0.02 1.60 + 0.04 1.67 x 0.05 
p-Casein 
4 U 1.13 + 0.00 1.21 + 0.00 1.35 +0.06 U 1.20 + 0.02 1.29 + 0.03 1.21 + 0.02 
5 U 1.25 + 0.05 1.54 +0.05 1.85 +0.05 U 1.21 + 0.00 1.89 + 0.03 1.85 € 0.11 
7 0.96 + 0.01 U U U 0.96 + 0.01 U U U 


U: Unmeasurable; Source: From Sitohy et al. (2001c), by courtesy of Wiley-VCH. 
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periods (up to 24 h) allowed the interaction of DNA with low concentrations 
of esterified proteins to take place. High temperature treatment (100°C) for 
short periods of time enhanced complex formation after 5 min of heating 
in case of both DNA-methylated a-lactalbumin and DNA-methylated 
B-lactoglobulin. The DNA-methylated B-lactoglobulin complex was more 
stable than the DNA-methylated a-lactalbumin complex when the thermal 
treatment at 100°C was extended to 10 min. Both complexes of DNA with 
methylated a-lactalbumin and DNA with methylated B-lactoglobulin were 
formed in large amounts and were more stable at acid pH (3-6). In contrast, 
their amounts were smaller and they were less stable at basic pH (8-9). 
Generally, larger amounts of stable DNA-methylated Q-lactoglobulin 
complex were obtained at acid pH when compared with DNA-methylated 
a-lactalbumin complex. These complexes were still highly stable at very 
acidic pH (1—2) but not at very basic pH (10—11). Formation and stability of 
the complexes of DNA studied with esterified protein were generally salt- 
concentration-dependent. Magnesium chloride had the biggest inhibitory 
effect on the formation and stability of these complexes while potassium 
acetate had the smallest. The inhibitory effect of KCI on both the complex 
formation and stability was observed in the range 0.4—1.0M. DNA 
complexed with esterified milk proteins and with lysozyme was more 
resistant to hydrolysis with DNase I than was unbound DNA. Additionally, 
DNA complexed with methylated o-lactalbumin was more resistant to DNase 
I digestion than its complex with methylated Q-lactoglobulin or with 
lysozyme. All the studied proteins complexed with DNA were resistant to 
pepsin. 


b. Inhibition of bacteriophage replication with esterified milk proteins. 
DNA-binding proteins can have antiviral and tumor suppressor activities. 
Milk proteins have already been reported to have antiviral effects, which 
were ascribed to lactoferrin (Hasegawa et al., 1994; Harmsen et al., 1995), a 
mammalian iron-binding protein of 80 kDa (Baker et al., 1994). Human 
lactoferrins exhibit potent antiviral activities against cytomegalovirus 
(Hasegawa et al., 1994; Harmsen et al., 1995), HSV-1 infection (Fujihara 
and Hayashi, 1995; Marchetti et al., 1996) and inhibit the replication of 
HIV-1 in a T-cell line if they are added prior to infection or during the virus 
adsorption step (Puddu et al., 1998). 

Lactoferrin-mediated protection of mice from cytomegalovirus infection 
was reported to be linked with T-cell-dependent increase in natural killer cell 
activity (Shimizu ef al., 1996). Lactoferrin potent antiviral inhibitory effect 
against HIV-1 in T-cell line was attributed to its action on HIV binding or on 
the entry of this virus into the cells no matter if it was in the apo or saturated 
form (Puddu et al., 1998). Antiviral and antitumor activities are correlated to 
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each other. Factors that enhance protein-DNA cross-linking, e.g., the 
antibiotic Givocarcin V, show antiviral and antitumor activities (Morimoto 
et al., 1981; Nakano et al., 1981). RNA- and DNA-protein interactions are 
essential for some pathogenic viruses. Tat protein is essential for HIV viral 
replication and activates transcription by binding to the transactivation- 
responsive (TAR) site located at the 5'-end of the viral transcript. In hepatitis 
C virus (HCV), a — 350 nucleotide region in the 5'-end of the viral transcript 
is required for cap-independent translation and is vital for virus replication 
(Xavier et al., 2000). Hence, the disruption of such interaction with external 
nucleic acid binding proteins can result in significant reduction of virus 
replication and infection. 

DNA-binding properties of esterified milk proteins have been studied 
previously. These interactions are the result of increased net positive charge 
on the modified proteins caused by esterification (Sitohy et al., 2001d). 
Hence, it was interesting to verify the possible use of esterified milk proteins 
in inhibiting viral replication. Since esterified milk proteins bind to DNA in a 
nonspecific way (Sitohy et al, 2001d), this will probably endow them 
with broad specificity against viruses, whatever their mutated forms could be. 
This could be of interest since viruses adopt mutation strategies to escape 
immune control (Alcami and Koszinowski, 2000) and produce viral proteins 
that are no longer recognized by antibodies (Hill et al., 1996; Zeidler et al., 
1997). Bacteriophage M13, which is specific for Escherichia coli, is a well- 
characterized filamentous 6407-nucleotide single-stranded bacteriophage 
(Van Wezenbeek et al., 1980). Its structure and mechanism of replication 
are well known (Sambrook et al., 1989; Makowski, 1994; Marvin, 1998). 
Hence, it can be used as a model phage for investigating the antiviral action of 
esterified milk proteins. 

Esterified proteins showed an antiviral activity against bacteriophage M13 
due to their DNA-binding properties (Sitohy, M., Chobert, J.-M., Karwowska, 
U., Gozdzicka-Jozefiak, A., and Haertlé, T., unpublished data). Methylated 
B-lactoglobulin, ethylated B-lactoglobulin and methylated a-lactalbumin 
formed complexes with the M13 DNA with an efficiency depending on their 
degree of esterification. The more the esterification extent of the protein, the 
higher the DNA complexing capacity and the higher its antiviral activity. The 
antiviral effect was associated with a simultaneous inhibitory effect on viral 
replication, which reinforces the previous conclusion that antiviral activity 
originates from interactions between esterified proteins and viral DNA. 
Methylated B-lactoglobulin showed even higher antiviral activity and a 
stronger inhibitory effect on the replication of bacteriophage M13 than native 
basic proteins such as calf thymus histone and chick egg lysozyme, probably 
as a result of the formation of a more stable DNA-protein complex in the 
case of esterified milk proteins. Complexes of esterified proteins with DNA 
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were previously found to be resistant to hydrolysis (Sitohy et al., 2001d). 
Consequently, the formation of complexes with viral DNA will definitively 
exclude it from the replication system inhibiting the overall process. During 
replication, some regions of the viral DNA are exposed to interactions with 
proteins. Esterified proteins present in the viral medium can attack the viral 
DNA, forming complexes and stopping the replication machinery. The virus 
life cycle depends on the organization of its structures through the 
interactions with specific proteins (Johnson and Chiu, 2000). Consequently, 
the nonspecific interactions with esterified milk proteins may disrupt the virus 
life cycle through disrupting its structural organization. 


C. GLYCATION OF B-LACTOGLOBULIN USING MILD CONDITIONS 


The nonenzymatic browning or Maillard reactions are of great importance in 
food manufacturing. This reaction was first described by the French bio- 
chemist Louis Camille Maillard at the beginning of the 20th century 
(Maillard, 1912). The browning reaction can be defined as the sequence of 
events that begins with the reaction of the amino group of amino acids, 
peptides, or proteins with a glycosidic hydroxyl group of sugars; the sequence 
terminates with the formation of brown nitrogenous polymers or melanoidins 
(Ellis, 1959; O’Brien and Morrissey, 1989; Ames, 1990; Friedman, 1996; 
Chuyen, 1998). This is also one of the principal pathways of final degradation 
of organic matter in nature. 

These nonenzymatic reactions are responsible for numerous changes on 
food properties and may impair food safety. Although these reactions are of 
great importance in the production of aroma, taste and color, they are often 
accompanied by a reduction of the nutritive value of different foods and by 
the formation of toxic compounds harmful for human health (Led! and 
Schleicher, 1990). Results of nonenzymatic browning can be either desirable 
or undesirable. The brown crust formation on bread is desirable; the brown 
discoloration of evaporated and sterilized milk is undesirable. For products in 
which the browning reaction is favorable, the resulting color and flavor 
characteristics are generally experienced as pleasant. In other products, color 
and flavor may become quite unpleasant. 

The reaction velocity and pattern are influenced by the nature of the amino 
acid or protein and carbohydrate involved in the reaction. Generally, lysyl 
residue is the most reactive amino acid because of the free e-amino group. 
Reaction of the s-amino group of lysyl residues of proteins with reducing 
sugar results in the so-called *Amadori product" via the formation of a 
Schiff's base and the Amadori rearrangement (Ledl and Schleicher, 1990; 
Friedman, 1996). Through this reaction, the conjugation of sugar to the 
protein does not require chemical catalysis, but just heating in order to 
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accelerate the spontaneous reaction. A well-controlled Maillard reaction can 
thus be a good method for protein processing in the food industry. Since 
lysine is the limiting essential amino acid in many food proteins, its 
destruction can reduce the nutritional value of proteins. Foods that are rich in 
reducing sugars are very reactive and this explains why lysine in milk is 
destroyed more easily than in other foods (De Man, 1999). 

Study and characterization of the Maillard reaction products could allow 
one to control the formation of advanced Maillard products (AMP), 
responsible in part for noxious effects in diabetes and in age-related 
cardiovascular diseases (Al-Abed et al., 1999). This knowledge could lead to 
a better control of these reactions in order to modify food proteins and their 
functions. Maillard reactions are one of the simplest ways to modify food 
proteins because they take place when a protein and a sugar are just heated 
together (Chuyen, 1998). 

B-Lactoglobulin is a major whey protein. It is present in the milk of various 
ruminant species (Godovac-Zimmermann et al., 1990a,b; Sawyer and Holt, 
1993; Ochirkhuyag ef al., 1998). This protein constitutes a major waste 
product of the cheese industry. Only recently, its use increased as a food 
additive thanks to its good nutritional properties (Smithers et al., 1996). 
Consequently, the improvement of B-lactoglobulin functional properties may 
be of considerable interest to industry. 

To improve their functional and physico-chemical properties, dairy 
proteins have been modified by several methods (Haertlé and Chobert, 
1999), such as phosphorylation (Sitohy et al., 1995c), esterification (Chobert 
et al., 1995; Sitohy et al., 2001c), alkylation (Kitabatake et al., 1985), 
and reductive amidation (Mattarella et al., 1983); (see Section ILA., B.). 
However, most of these methods, using toxic chemicals, cannot be used in 
food processing. 

B-Lactoglobulin showed better emulsifying properties after glycation with 
glucose-6-P (Aoki et al., 1997) and better heat stability and solubility after 
glycation with glucose, mannose or galactose (Nacka et al., 1988). Study of 
the Maillard reactions between B-lactoglobulin and lactose revealed the 
presence of a-lactulosyllysine (Jones et al., 1998), a unique lactosylation site 
in the early step of the reaction (Léonil et al., 1997; Fogliano et al., 1998) and 
a heterogeneity of protein glycoforms (Morgan et al., 1997). 


1. Reaction conditions. Glycation in the presence of different sugars 


Protein polymerization and glycation site specificity were investigated 
according to the nature of sugar used for modification of B-lactoglobulin 
(Chevalier et al., 2001c). Among the six common sugars used, arabinose and 
ribose induced the highest degree of modification. Glucose, galactose and 
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rhamnose were less reactive and lactose generated the lowest degree of 
modification. Proteins substituted with ribose or arabinose formed polymers 
stabilized by sugar-induced covalent bonds. When other sugars were used, 
part of the aggregated proteins were stabilized only by hydrophobic 
interaction and disulfide bonds. According to mass spectrometry analysis, 
leucine 1 (N-terminal amino acid), lysine 14 and lysine 47 were modified in 
the presence of galactose, glucose or lactose. Lysines 69, 75 and 135 were 
modified only in the case of protein glycated with glucose. Lysine 100 was 
modified only when protein was glycated with lactose. No glycation site 
could be detected for proteins glycated with ribose or arabinose due to the 
higher degree of modification, which inhibited the tryptic hydrolysis used 
before mass spectrometry analysis. 


2. Change in protein structure 


Heating of B-lactoglobulin for 3 days at 60°C did not induce major 
conformational changes, as observed by peptic hydrolysis, since only an 
additional 5% of the protein was hydrolyzed when compared with native 
B-lactoglobulin. Only minor modifications could be observed in far- and 
near-UV circular dichroism spectra of these proteins. Nevertheless, some 
changes in aggregation behavior were observed by SDS-PAGE, showing 
polymerization of B-lactoglobulin after heating. When B-lactoglobulin was 
heated in the presence of sugars, larger structural modifications were 
observed depending on the sugar used (Chevalier et al., 2002). 
Conformational modification of B-lactoglobulin was related to the degree 
of glycation. The more reactive the sugar was, the more denatured was the 
glycated protein. According to peptic hydrolysis data, near- and far-UV 
circular dichroism spectra and microcalorimetry analysis, proteins modified 
with ribose or arabinose (the most reactive sugars) showed important 
conformational changes. In contrast, proteins modified with lactose or 
rhamnose (the less reactive sugars) had similar three-dimensional structures 
to native B-lactoglobulin. According to previous work (Chevalier et al., 
2001a,c), glycation of B-lactoglobulin induced polymerization of protein 
monomers. Moreover, as observed by calorimetry analysis, Maillard 
glycation increased the temperature of denaturation of proteins glycated 
with galactose, glucose, lactose or rhamnose. These results correlated well 
with those obtained in a previous study of the functional properties 
of glycated B-lactoglobulin (Chevalier et al., 2001c; see below), which 
demonstrated the importance of the sugar used for the improvement of 
emulsifying and foaming properties of the derivatives. 
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3. Change in functional properties 


The whey produced during cheese and casein manufacturing contains 
approximately 2096 of all milk proteins. It represents a rich and varied 
mixture of secreted proteins with wide-ranging chemical, physical and 
functional properties (Smithers et al., 1996). Due to their beneficial functional 
properties, whey proteins are used as ingredients in many industrial food 
products (Cheftel and Lorient, 1982). According to Kinsella and Whitehead 
(1989), functional properties of foods can be explained by the relation of the 
intrinsic properties of the proteins (amino acid composition and disposition, 
flexibility, net charge, molecular size, conformation, hydrophobicity, etc.), 
and various extrinsic factors (method of preparation and storage, temperature, 
pH, modification process, etc.). 

Numerous attempts were made to improve the functional properties of 
whey proteins through physical, chemical and/or enzymatic treatments 
(Haertlé and Chobert, 1999). Many studies were carried out with B-lacto- 
globulin, the major whey protein. Focusing on the improvement of solubility, 
heat stability, foaming properties and emulsifying properties, this protein has 
been conjugated with ester (Mattarella and Richardson, 1983; Sitohy et al., 
2001c), gluconic or melibionic acids (Kitabatake et al., 1985), carbohydrates 
(Waniska and Kinsella, 1988; Bertrand-Harb et al., 1990) and phosphoric 
acid (Sitohy et al., 1995a—c). 

However, most of these methods utilize toxic chemicals and are not 
permitted for potential industrial applications. Recently, some attempts were 
made to improve the functional properties of B-lactoglobulin by conjugation 
with glucose-6-phosphate (Aoki et al., 1997). 

In a recent work (Chevalier et al., 2001d), the functional properties 
(solubility, heat stability, emulsifying and foaming properties) of B-lacto- 
globulin after glycation of the protein with several sugars (arabinose, 
galactose, glucose, lactose, rhamnose or ribose) were studied. Protein samples 
were heated in the presence or in the absence (heated control) of different 
sugars for three days at 60°C. Subsequent glycation induced a modification of 
the solubility profile, shifting the minimum solubility towards more acidic 
pH. Native B-lactoglobulin was soluble over the whole pH range studied 
(Figure 7A). After heating, a 50% decrease of solubility was observed in the 
pH range 4.0—5.5 with a minimum observed at pH 5, which is near the pI of 
the protein (Figure 7A). After heating B-lactoglobulin in the presence of 
arabinose or ribose, the resulting glycated derivatives exhibited 35% solu- 
bility at pH 4 (Figure 7B), which is lower than the solubility obtained with 
heated B-lactoglobulin and B-lactoglobulin glycated with the other sugars. 
Major conformational modification induced by the glycation could explain 
such a decrease. However, due to the shift of their isoelectric point, these 
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FIG. 7. Solubility of native, heated and glycated B-lactoglobulin (BLG) as a function of 
pH. The protein concentration was 2 mg/ml. A: native (Bl) and heated (e) BLG; B: BLG 
glycated with arabinose (A) and ribose (V); C: BLG glycated with galactose (Bl), glucose 
(O), lactose (A) and rhamnose (V). (Reprinted from Chevalier et al. (2001d), Copyright 
2001, with permission from Elsevier Science.) 
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derivatives showed an increased solubility at pH 5 as compared with heated 
B-lactoglobulin. In the case of proteins modified with galactose, glucose, 
lactose or rhamnose, 7546 solubility was observed at pH 4.5 (Figure 7C), 
showing a protective effect of glycation by these sugars against the decrease 
of solubility due to heating. 

Glycated proteins exhibited a better thermal stability when heated at pH 5 
as compared to native or heated control. 

Glycation of B-lactoglobulin with arabinose or ribose (the most reactive 
sugars) improved its emulsifying properties. Solubility is a determining factor 
for a protein's ability to form an emulsion (Kinsella and Whitehead, 1989). 
Despite the fact that native B-lactoglobulin is highly soluble in the pH range 
2—10, its EAI was low at acid pHs and increased with increasing pH (Shimizu 
et al., 1985), suggesting that structural changes occur in B-lactoglobulin at 
acidic pH that influence its emulsifying properties. Such effects close to the pl 
of B-lactoglobulin could be at the origin of the decrease of emulsion stability 
(ES) (Klemaszewski et al., 1992) observed in the d5» values. 

Recent studies have shown that lactosylation of B-lactoglobulin in a dry 
system did not significantly alter the three-dimensional structure of the 
protein. In contrast, in an aqueous system, an important structural change was 
observed at the protein-protein interface (Morgan ef al., 1999a—c). This 
suggests that protein modified with galactose, glucose, lactose or rhamnose 
could present structural changes as compared with the native protein. 
Polymerization observed with glycated B-lactoglobulin (Bouhallab et al., 
1999; Chevalier et al., 2001a) could be involved in these changes. 

Proteins modified with galactose, glucose, lactose or rhamnose were less 
glycated. Consequently, they may have conserved a globular three- 
dimensional structure close to the conformation of the native protein, 
accounting for the increase in d32 at pH 5. 

Foaming properties were better when B-lactoglobulin was glycated with 
glucose or galactose (moderately reactive sugars). These results suggest that 
the nature of the sugar is an essential factor for improving the functional 
properties of glycated proteins by processes of Maillard reaction. 


4. Change in biological properties 


The protein fraction of milk is known to contain many valuable components 
and biologically active substances, which confer special properties for the 
support of infant development and growth (Meisel and Schlimme, 1990). 
Many milk-born bioactivities are latent, requiring proteolytic release of 
bioactive peptides from inactive native proteins (Schanbacher et al., 1998). 
Milk protein-derived bioactive peptides include a variety of substances that 
are potential modulators of various regulatory processes and reveal 
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multifunctional bioactivities (Meisel, 1998). Opioid agonist (Meisel, 1986), 
opioid antagonist (Tani et al., 1990), inhibitor of angiotensin converting 
enzyme (ACE) (Yamamoto, 1997; Pihlanto-Leppálá et al., 1998), immuno- 
modulator (Brantl et al., 1981), antimicrobial (Zucht et al., 1995; Dionysius 
and Milne, 1997) and antithrombotic (Chabance et al., 1995) activities have 
been largely described (Meisel, 1997). B-Lactoglobulin is known to contain 
an ACE-inhibitory sequence (Mullally et al., 1997) but its biological 
function in milk is still not well known (Sawyer et al., 1998). Some of the 
biological properties of milk proteins are discussed in Section IILE. 

Since many attempts are made to control food storage and to preserve 
food from oxidation and microorganism contamination, it is interesting to 
subject protein to oxidoreductive modification in order to see whether new 
biological properties could be induced. The Maillard reaction is one of the 
major reactions modifying proteins in food and in nature. The study of how it 
influences the biological properties of derived proteins and peptides is of 
particular interest. The consequences of this reaction on the biological 
properties of the modified products have been largely studied on model 
systems, which consist of heating a single amino acid with a reducing sugar. 
The Maillard reaction induced: (1) antioxidative activity of glucose- glycine 
(Anese et al., 1994), xylose-lysine (Yen and Hsieh, 1995) and xylose- 
arginine reacting systems (Beckel and Waller, 1983); (2) antimicrobial 
activity of xylose—arginine and glucose- histidine systems (Einarsson et al., 
1983; Einarsson, 1987a,b) and of glucose- glycine system (Stecchini et al., 
1993); (3) cytotoxic activity of glucose- lysine and fructose- lysine systems 
(Jing and Kitts, 2000); (4) clastogenic activity of ribose- lysine (Vagnarelli 
et al., 1991) and of glucose—lysine systems (Kitts et al., 1993). Proteins 
modified by the Maillard reaction can also present some of these properties. 
For example, lysozyme modified with dextran by glycation revealed a 
significant antimicrobial activity against both Gram-negative and Gram- 
positive bacteria (Nakamura ef al., 1991); glycation of casein with glucose or 
lactose resulted in enhancement of antioxidant activity when compared with 
native casein (McGookin and Augustin, 1991). 

As shown in Section ILC.3., functional properties (such as thermal 
stability, emulsifying and foaming properties) of B-lactoglobulin modified by 
the Maillard reaction were improved, depending on the sugar used during 
modification. Glycated B-lactoglobulin used as a food ingredient for its 
functional properties may also change the oxidative conditions and stress and/ 
or can influence cellular and microorganism growth. A recent study was 
carried out to determine the extent to which this reaction can convey anti- 
oxidant, antimicrobial, mutagenic or cytotoxic activities to B-lactoglobulin, 
and to its tryptic and peptic hydrolysates (Chevalier et al., 2001b). 
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Antioxidant properties of B-lactoglobulin modified with six different 
sugars (see Section II.C.1.) were estimated using a radical scavenging activity 
test. Glycation induced a radical scavenging activity to B-lactoglobulin, 
whose intensity depended on the sugar used for modification (Figure 8). 
Proteins modified with ribose and arabinose showed higher radical 
scavenging activity, depicted by about 80 and 60% of 2,2-diphenyl-1- 
picrylhydrazyl (DPPH) absorption decrease at 515 nm. 

Einarsson et al. (1983) and Einarsson (1987a,b) observed an inhibition of 
bacterial growth by Maillard reaction products prepared with model systems 
of arginine— glucose, arginine—xylose and histidine—glucose. Antimicrobial 
activity has never been observed with glycated proteins except in the case of 
lysozyme modified with dextran by the Maillard reaction (Kitts et al., 1993). 
Nonmodified lysozyme exhibits an inhibition of growth only for Gram- 
positive bacteria. Conjugation of dextran to lysozyme resulted in an extension 
of the antimicrobial spectrum to Gram-negative bacteria. In the study of 
Chevalier et al. (2001b), antimicrobial properties against different bacterial 
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FIG. 8. Radical scavenging activity (R.S. Act.%) of B-lactoglobulin glycated with 
arabinose, galactose, glucose, lactose, rhamnose or ribose as a function of the number of 
reactional primary amino groups of -lactoglobulin. (Source: From Chevalier et al. 
(2001b), by courtesy of American Chemical Society.) 
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strains were studied with a diffusion disk method. No antimicrobial effect of 
any glycated form of B-lactoglobulin against E. coli, Bacillus subtilis, Listeria 
innocua and Streptococcus mutans was observed. As native B-lactoglobulin 
did not show any antimicrobial activity, its modification by the Maillard 
reaction could not induce any extension of the antimicrobial spectrum. Only 
the appearance of new antimicrobial activity could be expected. Such an 
activity is certainly more difficult to induce by a nonspecific chemical modi- 
fication because of the large spectrum of resistance mechanisms in bacteria. 

Cytotoxic tests were performed using two cell lines and the MTT [3, (4,5- 
dimethylthiazoyl-2-yl) 2,5 (diphenyl-tetrazolium bromide] rapid colorimetric 
assay. Cytotoxicity test with MTT showed no enhancement of cytotoxicity 
by modified proteins and their peptic and tryptic peptides against COS-7 and 
HL-60 cells after glycation. 

Maillard reactions are known to produce mutagenic, DNA-damaging 
and cytotoxic substances especially during food processing and cooking 
(O’Brien and Morrissey, 1989). This certainly concerns AMP. Heterocyclic 
amines are the most potent mutagens known to be formed during heat 
processing of food (Friedman, 1996). Such compounds should not be formed 
(at least in detectable quantity) in the conditions used in the study by 
Chevalier et al. (2001b) because of the mild heat treatment applied (72 h at 
60°C). Consequently, in the case of products studied earlier, some 
innocuousness can be expected. 


D. THERMAL MODIFICATIONS OF STRUCTURE AND CO-DENATURATION 
OF a-LACTALBUMIN AND 8-LACTOGLOBULIN 


Milk and dairy products are submitted to thermal treatments in order to 
remove undesirable microorganisms. For example, microbial agents rapidly 
spoil whey from the cheese industry unless it is treated or used rapidly. 
Currently, heating is the most commonly used pasteurization/sterilization 
treatment (heating at 135-150°C during 2s). The development of new 
technologies should be able to solve this problem by more selective treat- 
ments such as filtration, high pressure, and magnetic or electric fields. 
Although less frequently discussed, heat processes often influence the 
textures and chemistries of the intermediate and end products, and thermal 
treatments are not without consequences on milk proteins that are denatured. 
Denaturation of proteins occurs under precise conditions of pH, temperature 
and ionic strength leading to their unfolding. Denaturation is significantly 
slower when proteins are near their isoelectric point. Only B-lactoglobulin is 
irreversibly denatured at pH 7 and 70°C; a-lactalbumin is denatured at 
pH 6.7 and 65°C. Aggregation of these proteins, besides hydrophobic 
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interactions, is often stabilized by intra- and intermolecular bonds. This can 
be due to thiol-disulfide interchange catalyzed by free thiol groups 
(McKenzie, 1971) and hydrophobic or electrostatic interactions (McSwiney 
et al., 1994). The capacity and rate by which whey proteins aggregate is 
controlled by factors such as protein concentration, pH, temperature and 
presence of other components. According to Aguilera (1995), aggregation 
can take place in three steps: denaturation, aggregation, and gelification. 
Aggregation is more rapid near the isoelectric point of proteins. For a review 
on the effect of thermal treatment on milk protein structure, see Cayot and 
Lorient (1998). 

B-Lactoglobulin is the major whey protein. Hence, its molecular properties 
may control whey protein aggregation. B-Lactoglobulin resists denaturation 
at acidic pH but can be easily denatured at alkaline pH (McKenzie and 
Sawyer, 1967; Waissbluth and Grieger, 1974). It aggregates and is subjected 
to conformational changes at intermediate pHs. At pH 7.5, a reversible 
transition (Tanford transition; Tanford et al., 1959) takes place increasing the 
reactivity of the free thiol group Cys 121. At alkaline pH, denaturation occurs 
in two steps: unfolding of a-helix and of exposed B-sheet portions followed 
by unfolding of other B-sheets. Thermal denaturation of B-lactoglobulin 
occurs in the temperature range 50—90°C with conformation changes similar 
to those observed during the first step of alkaline denaturation, such as 
unveiling of the thiol group. B-Lactoglobulin denaturation is reversible as 
long as its temperature is lower than 65—70°C. At neutral pH, three steps have 
been described by Roefs and de Kruif (1994): (1) Initiation: reversible 
reactions, which lead to monomeric B-lactoglobulin; then an irreversible 
modification of structure unveiling the free thiol group directed towards 
the exterior of the molecule; (2) Propagation: reactive free thiol group 
involved in chemical exchange with one of the two disulfide bridges of 
another nonreactive molecule of B-lactoglobulin. An intermolecular bridge is 
formed and a new free thiol group becomes reactive on the second molecule 
and so on; (3) End of reaction: reactive intermediates form a dimer or polymer 
without reactive free thiol group. 

All whey proteins are not able to self-aggregate. a-Lactalbumin, that 
changes conformation at 64°C, is devoid of free cysteyl residues needed 
to initiate and propagate the exchange reaction. However, in the presence of 
proteins with a free thiol group (Q-lactoglobulin, bovine serum albumin), 
a-lactalbumin may take part in aggregation (Gezimati et al., 1997). 

Study of heat denaturation of major whey proteins (Q-lactoglobulin or 
a-lactalbumin) either in separated purified forms, or in forms present in 
fresh industrial whey or in recomposed mixture respecting whey 
proportions has been recently carried out (Bertrand-Harb ef al., 2002), 
indicating significant differences in their denaturation depending on pH, 
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temperature of heating, presence or absence of other co-denaturation 
partner, and existence of a previous thermal pre-treatment (industrial 
whey). a-Lactalbumin, usually resistant to tryptic hydrolysis, aggregated 
after heating at 85°C and over. After its denaturation, o-lactalbumin was 
susceptible to tryptic hydrolysis probably because of exposure of its 
previously hidden tryptic cleavage sites (Lys-X and Arg-X bonds). 
Heating over 85°C of p-lactoglobulin increased its aggregation and 
exposure of its peptic cleavage sites. The co-denaturation of a-lactalbumin 
with B-lactoglobulin increased their aggregation and resulted in complete 
exposure of B-lactoglobulin peptic cleavage sites and partial unveiling of 
a-lactalbumin tryptic cleavage sites. The exposure of a-lactalbumin tryptic 
cleavage sites was slightly enhanced when the a-lactalbumin/B-lactoglo- 
bulin mixture was heated at pH 7.5. Co-denaturation of fresh whey by 
heating at 95°C and pH 4.5 and above produced aggregates stabilized 
mostly by covalent disulfide bonds easily reduced by B-mercaptoethanol. 
The aggregates, stabilized by covalent bonds other than disulfide, arose 
from a similar thermal treatment but performed at pH 3.5. Thermal 
treatment of whey at pH 7.5 considerably enhanced the tryptic and peptic 
hydrolysis of both major proteins. 


IIl. ENZYMATIC PROTEIN PROCESSING 


Protein modification, traditionally carried out by direct chemical means, can 
also be accomplished using enzyme catalysis. Chemical modification is not 
very desirable for food applications because of the harsh reaction 
conditions, nonspecific chemical reagents, and the difficulty to remove 
residual reagents from the final product. Enzymes provide several 
advantages including fast reaction rates, mild conditions and high 
specificity. Under optimum conditions, enzyme-catalyzed reactions proceed 
105-10!! times more rapidly than the corresponding nonenzymatic 
reactions, resulting in reduction of energy costs and increased processing 
efficiency. Enzymatic methods are consequently more attractive to the food 
processor. Moreover, most enzymes can be produced in large quantities, 
each having appropriate physical, chemical and catalytic properties. The 
cost of enzyme production is reasonable if one uses microbial fermentation 
or biotechnological processes. 

Besides the proteases, which have been investigated extensively and are 
the only modifying enzymes currently in use commercially, there are 
transglutaminase, protein kinase, and peptidoglutaminase. These enzymes 
have only been reported for use in food protein modification on a laboratory 
scale. Feeney and Whitaker (1977, 1982, 1986) addressed possible 
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approaches applicable to the modification of proteins and discussed the 
impact of these potential modifications on the structure and properties of the 
proteins in great detail. 


A. LIMITED PROTEOLYSIS AND FUNCTIONAL PROPERTIES 


A large number of papers describes the effect of proteolytic breakdown of 
food proteins on their functional properties. They comprise animal proteins 
such as casein (Chobert et al., 1987, 1988a,b; Haque and Mozaffar, 1992; 
Agboola and Dalgleish, 1996; Slattery and FitzGerald, 1998; Smyth and 
FitzGerald, 1998), soybean proteins (Puski, 1975; Adler-Nissen and Olsen, 
1979; Mohri and Matsushita, 1984; Adler-Nissen, 1986a; Kim et al., 1990b), 
wheat gluten and gluten fractions (Popineau and Pineau, 1993), among others. 
Hydrolysis of peptide bonds causes several changes in proteins: (1) the 
NH} and COO content of the protein increases, increasing its solubility; 
(2) the molecular mass of the protein decreases; and (3) the globular structure 
of the protein is altered, exposing the previously hidden hydrophobic groups. 
Proteolytic modification has special importance for the improvement of 
solubility of proteins. This effect becomes significant even after very limited 
proteolysis. Hydrolysis of casein to DH of 2 and 6.7% with Staphylococcus 
aureus V8 protease increased the isoelectric solubility to 25 and 50%, 
respectively (Chobert et al., 19882). However, it should be noted that the 
solubility profiles were not identical, due to a shift of the isoelectric point of 
the modified proteins. Solubility of a protein hydrolysate depends on the 
enzyme used (Adler-Nissen, 1986a). Protamex™ (a Bacillus proteinase 
complex) hydrolysates of sodium caseinate (DH 9 and 15%) displayed 
85-90% solubility between pH 4 and 5 (Slattery and FitzGerald, 1998). 
Emulsifying properties of proteins are sensitive to proteolytic modification 
(Mietsch et al., 1989). Limited hydrolysis (DH 2 and 6.7%) of casein 
decreased the EA at all pH (Chobert et al., 1987, 19882), whereas the ES at 
DH = 2% was higher than that of native casein (Chobert et al., 1987). The 
EA of casein was reported to decrease with increasing net charge and with 
decreasing hydrophobicity due to proteolysis (Mahmoud et al., 1992). Since 
the S. aureus V8 protease is highly specific for glutamate residues, and as 
these residues are uniformly distributed in the sequence of caseins, a poor EA 
was not expected at these DH values. This could be due to some properties of 
the obtained peptides, which had the glutamyl residue at the C-terminal end. 
While using trypsin for hydrolysis of dairy proteins (Chobert et al., 1988b), it 
was reported that a limited hydrolysis of casein (DH of 4.3, 8.9, and 9.9%) 
improved its EA, showing the importance of the specificity of the enzyme 
used. However, ES of such hydrolysates was lower than that of unmodified 
casein. This could be attributed to the fact that the obtained peptides were not 
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amphiphilic enough to impart a high stability to the emulsion. Hydrolysis of 
casein with trypsin, chymotrypsin and Rhozyme-41 resulted in an improve- 
ment in EA (Haque and Mozaffar, 1992). Protamex hydrolysates (DH 0.5 and 
1.096) of casein showed higher EA at pH 2 as compared with unmodified 
casein (Slattery and FitzGerald, 1998). However, at higher DH of 9.0 and 
15%, hydrolysates exhibited lower EA compared to caseinate. 

Generally, the pH of protein solutions during emulsification affects their 
emulsifying properties via electrostatic effects. The emulsifying capacity of 
protein hydrolysates is usually low at the isoelectric point. Addition of salt 
improves the emulsifying properties at p/ (Turgeon et al., 1992). Several 
studies have shown no correlation between emulsifying capacity and high 
solubility (Chobert et al., 1988a,b; Turgeon et al., 1992). 

The effect of limited proteolysis of whey proteins with covalently 
immobilized trypsin has been investigated. A carefully controlled limited 
proteolysis yielded a fraction (residues 41—100 with a disulfide bond to 
residues 149—162) of the core B-barrel of B-lactoglobulin (Chen et al., 1993, 
1994; Huang et al., 1994, 1996). The emulsifying properties of these peptides 
were two to three-fold larger than that of the native protein in the pH range 
3-9. Furthermore, the stabilities of emulsions formed with the domain 
peptide fraction were greater as indicated by the lack of separation of an oil 
phase after standing at ambient temperature for one week, whereas emulsions 
formed with the native protein separated (Huang et al., 1996). 

Because of the lower structural stability and altered molecular character- 
istics of the domain peptides, their interactions and thus their gelling 
properties were significantly different from those of the native protein. 
Solutions of a limited proteolysate of B-lactoglobulin formed gels at 60°C, 
whereas the untreated protein required temperatures of 70—80°C for gelation 
(Chen et al., 1994). The domain peptides, even in the presence of other whey 
proteins, alter the gelation properties of Q-lactoglobulin. Thus, limited 
proteolysis of whey protein isolate exhibited gelation characteristics that were 
different from those of untreated whey protein isolate. For example, 10% 
solutions of enzyme-treated whey protein isolate at pH 7 exhibit a gelation 
point at 77°C, while untreated whey protein isolate only gelled after holding 
at 80°C for 1.4 min. The enzyme-treated whey protein isolate solution formed 
an opaque particulate gel at 80°C whereas the whey protein isolate gel was 
clear and fine-stranded. Values for hardness, cohesiveness, gumminess and 
chewiness were significantly greater for enzyme-treated whey protein isolate 
gels (Huang et al., 1999). 

Enzymatic hydrolysis modifies the foaming properties of casein. Protamex 
hydrolysates of sodium caseinate (DH 0.5 and 1.096) displayed increased 
foam expansion at pH 2, 8 and 10 as compared with unhydrolyzed caseinate 
(Slattery and FitzGerald, 1998). Hydrophobic peptides resulting from 
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plasmin hydrolysis of B-casein improved foam formation and stabilization at 
pH 4 (Caessens et al., 1999). 

A commercial range of hydrolysates of whey proteins with DH ranging 
from 8 to 4596 was used to make emulsions with soybean oil (Singh and 
Dalgleish, 1998). As estimated by the particle sizes, the maximum emul- 
sifying capacity was obtained from hydrolysates with a 10 or 2096 DH. 
Higher hydrolysis resulted in peptides that were too short to act as effective 
emulsifiers, and, at lower proteolysis, the somewhat reduced solubility of the 
hydrolysates slightly decreased their emulsifying power. All the emulsions 
were unstable when they were subjected to heat treatment at high 
temperatures (122°C for 15 min), but emulsions prepared from the less 
hydrolyzed peptide mixtures were stable to heat treatment at 90°C for 30 min. 

One of the applications of enzymes in the preparation of food gels is the 
production of cheese. During this process, chymosin hydrolyzes a specific 
bond of k-casein, resulting in the destabilization of the micelle structure 
followed by aggregation and formation of an insoluble coagulum. 

Enzymatic gelation of partially heat-denatured whey proteins by trypsin, 
papain, pronase, pepsin, and a preparation of Streptomyces griseus has 
been studied (Sato et al., 1995). Only peptic hydrolysate did not form a gel. 
The strength of the gel depended on the enzyme used and increased with 
increasing DH. Hydrolysis of whey protein concentrate with a glutamic acid 
specific protease from Bacillus licheniformis at pH 8 and 8% protein 
concentration has been shown to produce plastein aggregates (Budtz and 
Nielsen, 1992). The viscosity of the solution increased dramatically during 
hydrolysis and reached a maximum at 6% DH. Incubation of sodium 
caseinate with pepsin or papain resulted in a 55-77% reduction in the 
apparent viscosity (Hooker ef al., 1982). 


B. ALLERGENICITY 


One of the applications of proteases is to decrease the risk of allergenicity 
when cow’s milk is used as a substitute for human milk. Human and cow’s 
milk differ in their protein composition. B-Lactoglobulin, the major whey 
protein in cow’s milk (9.8% of the total protein content) is absent from human 
milk. Hydrolyzing the protein can reduce allergenicity. Asselin et al. (1989) 
compared the allergenicity of whey protein hydrolysates produced by pepsin, 
chymotrypsin, trypsin, pancreatin and combinations of these proteases. DH 
was not the only important parameter influencing allergenicity. A hydrolysate 
with 20.596 DH produced with pancreatin had a higher residual content of 
a-lactalbumin and B-lactoglobulin as compared with a 11.2% DH 
chymotryptic hydrolysate. Ultrafiltration could be used to reduce the 
residual antigens in whey protein hydrolysates (Asselin et al., 1989). 


MILK PROTEIN TAILORING 41 


Nakamura et al. (1993) showed that using a combination of two nonspecific 
endoproteases and a DH of up to 25%, the antigenicity of whey proteins can 
be reduced by 1000 times. Antigenicity can be lowered further by including 
proteases specific for glutamyl, aspartyl, lysyl and arginyl residues, which 
play important roles in allergen peptides. 

The potentiality of a protein to cause an allergic reaction is related to the 
size of the protein, its primary, secondary and tertiary structures. Antigenicity 
of casein hydrolysate prepared by using pancreatic proteases was studied by 
Mahmoud et al. (1992). 


C. BITTER PEPTIDES 


Depending on the nature of the protein and the protease used, progressive 
proteolysis can liberate bitter peptides from proteins, the bitterness of which 
is a function of amino acid composition and sequence as well as the peptide 
chain length (Adler-Nissen, 1986b). An excellent review of the chemistry of 
bitterness has been published (Roy, 1997) and the reader is directed to this for 
more details. 

Bitterness has long been associated with the formation of hydrophobic 
peptides (Ney, 1971) and it has been reported (Ney and Rezzlaff, 1986) that 
peptides having a Q-value (calorific value of the amino acids in a peptide) 
greater than 1350 kcal/mol are bitter. Bitterness is also related to the DH; 
bitter peptides contain typically between 3 and 15 amino acids (Pawlett and 
Bruce, 1996). Treating casein with proteases with differing specificities 
results in increased bitterness with an increase in the DH. The level of 
bitterness is dependent on the hydrophobicity of the peptides formed, which 
in turn, is related to specificity. It is, therefore, possible to influence the level 
of bitterness by protease selection. 

Although hydrolysis can result in improved functional properties and 
increased digestibility, the formation of bitterness usually has a negative 
impact on the product acceptability. A logical extension of the use of enzymes 
for the hydrolysis of food proteins is the use of enzymes for further hydrolysis 
of the bitter peptides formed. Peptidases are a class of enzymes that cleave 
single or a pair of amino acids from the ends of peptide chains. Exopeptidases 
are specific either for the N-terminal (aminopeptidases) or the C-terminal 
(carboxypeptidases) ends. Key to the use of peptidases in either debittering or 
bitter prevention restricts the DH. Peptidases have been applied to hydrolysis 
of a-lactalbumin and casein to produce a nonbitter and highly soluble 
ingredient for use in nutritional drinks and health-food products. 

Among amino acids some L-amino acids are known to be bitter ones. 
Aromatic amino acids, basic amino acids, and branched-chain amino acids are 
bitter amino acids. Several bitter amino acids are essential for humans. 
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Therefore, when an amino acid mixture is administrated orally, the bitterness 
of these amino acids is crucial. According to Kirimura et al. (1969), y-Glu-Phe 
is not bitter but sour and astringent. Improvement of the bitter taste of amino 
acids by y-glutamylization and an enzymatic method for synthesizing y-Glu- 
Phe from Gln and Phe involving bacterial glutamyltranspeptidase have been 
recently described (Suzuki et al., 2002). Results indicate that ‘y-gluta- 
mylization of Phe can abolish its bitterness and improve the taste. According 
to several panel members ‘y-Glu-Phe has a lemon-like refreshing sourness. 

Several patent applications pertaining to peptidases have highlighted the 
growing interest in this type of enzyme. A patent from Gist brocades (1996) 
demonstrated a process for producing an aminopeptidase preparation by 
Aspergillus niger. Róhm GmbH (1997) and Novo Nordisk (1998) used 
modern biotechnology to engineer strains of Aspergillus, which produce 
amino- and carboxy-peptidases, respectively. Both of these enzymes were 
shown to enhance food protein hydrolysis and help prevent the development 
of bitterness. 


D. TRANSGLUTAMINASE AND DAIRY PRODUCTS 


In nature, various enzymes are known to cross-link proteins. The 
physiological function of protein cross-linking is to enhance the strength of 
the molecular structure of proteins and protein networks. The substrate 
specificity of cross-linking enzymes is a key aspect in developing protein— 
protein cross-linking structures. Enzymes like transglutaminase and protein 
disulfide isomerase have a defined reaction mechanism and are therefore 
specific, whereas enzymes like peroxidase and lipoxygenase have a more 
random reaction mechanism resulting in a broad substrate specificity. 
Transglutaminase (EC 2.3.2.13) catalyzes an acyl-transfer reaction in 
which the y-carboxamide groups of peptide-bound glutaminyl residues are 
the acyl donors. The enzyme catalyzes in vitro cross-linking in whey proteins, 
soya proteins, wheat proteins, beef myosin, casein and crude actomyosin 
refined from mechanically deboned poultry meat (Zhu et al., 1995). In recent 
years, based on the enzyme's reaction to gelatinize various food proteins 
through the formation of cross-links, this enzyme has been used in attempts to 
improve the functional properties of foods. Commercial transglutaminase is 
usually obtained from animal tissues. The complicated separation and 
purification procedure results in an extremely high price for the enzyme, 
which hampers a wide application in food processing. Recently, studies on the 
production of transglutaminase by microorganisms have started. The enzyme 
obtained from microbial fermentation has been applied in the treatment of 
food of different origins. Food treated with microbial transglutaminase 
appeared to have an improved flavor, appearance and texture. In addition, 
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this enzyme can increase shelf-life and reduce allergenicity of certain foods 
(Zhu et al., 1995). 

o,1-Casein and soybean globulins were polymerized and gelatinized by 
Ca? -independent transglutaminase from a variant of Streptoverticillium 
mobaraense, which is totally independent of Ca?^*. In this aspect, microbial 
transglutaminase is quite unique from other mammalian enzymes. Such a 
property is very useful in the modification of functional properties of food 
proteins, because many food proteins, such as milk caseins, soybean globulins 
and myosins, are susceptible to Ca?* (Nonaka et al., 1989). This enzyme 
polymerized such albumins as bovine serum albumin, human serum albumin 
and conalbumin in the presence of dithiotreitol. Rabbit myosin was 
polymerized by the present enzyme but actin was not. An RP-HPLC analysis 
after enzymatic digestion of the polymerized o,,-casein showed existence of 
the e-(y-Glu)Lys bond. Thus, it was confirmed that the polymerization was 
formed by a catalytic reaction of the transglutaminase. 

Several suspensions and emulsions containing commercial sodium case- 
inate or skim milk were gelatinized by microbial transglutaminase treatment. 
The characteristics of the gels were largely affected by the enzyme 
concentrations employed (Nonaka et al., 1992). For caseinate gels, generally 
the higher enzyme concentration gave steep decreases in breaking strength, 
strain and cohesiveness of the gels. The creep tests on emulsified gels 
prepared with two different enzyme concentrations showed that the gel made 
with a higher enzyme concentration was more viscoelastic. For skim-milk 
gels, the enzyme caused a substantial increase of the breaking and hardness, 
while the strain and cohesiveness showed little or no changes. 

Microbial transglutaminase is capable of incorporating amino acids or 
peptides covalently into proteins (Nonaka ef al., 1996). This reaction can 
improve the nutritive values of food or feed proteins, because covalently 
incorporated amino acids or peptides behave like amino acid residues in a 
protein. 

Many food protein substrates of microbial transglutaminases were gelled 
upon incubation with it. The characteristics of such a gelation procedure and 
the gels formed are as follows: proteins that are not gelled by heating can be 
gelled; gels that normally melt at elevated temperature no longer melt after 
the microbial transglutaminase gelation; protein in oil-in-water emulsions, 
even in the presence of sugars and/or sodium chloride, can be gelled; gel 
firmness increases after heating; the gels can no longer be solubilized by 
detergents or denaturants. Concerning dairy products, many researchers have 
shown that milk casein, which has no capability of gel formation even by 
heating, was a very good substrate for various transglutaminases. It was 
found that a heat-resistant firm gel was formed from casein in the trans- 
glutaminase reaction. An example is the use of microbial transglutaminase in 
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yoghurt production. Yoghurt is a milk gel formed by acidic fermentation with 
lactic starter, but it may suffer from problems of serum separation with a 
change in temperature or physical impacts. Adding microbial transglutami- 
nase can solve this, because microbial transglutaminase improves the water- 
holding capacity of the gel. The microbial transglutaminase reaction also 
makes it possible to produce dairy products, such as ice cream and cheese 
with low-fat contents or a reduced content of nonfat-solids (for a review, see 
Motoki and Seguro, 1998). 

Transglutaminases from different sources exhibit marked differences in 
substrate specificity. The relatively low substrate specificity of microbial 
transglutaminase means that this enzyme can cross-link a large variety of 
proteins and that its application potential is higher than that of transgluta- 
minase from bovine blood plasma and pig erythrocytes. Previous cross- 
linking of B-casein with microbial transglutaminase increased the gel strength 
of low pH-gelled B-casein. This increase showed a maximum depending on 
the incubation time of cross-linking. In addition, cross-linking of B-casein 
resulted in protein with heat-induced gelling properties, whereas uncross- 
linked B-casein did not form a gel under these conditions (Wijngaards et al., 
2000). 

Emulsifying properties of milk proteins were significantly altered after 
cross-linking with transglutaminase from Streptoverticillium mobaraense. 
With a low degree of cross-linking, the stability of p-lactoglobulin 
stabilized oil—water emulsions towards strong flocculation or coale- 
scence was reduced after cross-linking (Fergemand et al., 1997). With 
extensive cross-linking, the stability of milk protein stabilized oil— water 
emulsions was poorer than that of the native emulsions. The stability 
towards creaming and the stability in ethanol were generally improved after 
cross-linking. 

Transglutaminase might be used in stabilizing products like yoghurt, 
fresh cheese, whipping cream and novel milk products. The preparation 
of cross-linked caseinates as functional ingredients in foods may also be 
worthwhile (Lorenzen et al., 2000). However, extensive studies are neces- 
sary to get a better understanding of cross-linking in dairying. A possible 
mechanism by which transglutaminase affects heat stability of milk has been 
recently reported (O'Sullivan et al., 2002). As potential nonfood uses of 
transglutaminase, the preparation of foils or films, coatings, medical 
polymers and carriers for immobilizing enzymes should be mentioned 
(Table IV). 

Since application of microbial transglutaminase-catalyzed modification on 
food proteins is vast, intense attention must be focused on nutritional 
efficiency of such cross-linked proteins. It has been demonstrated that the 
glutamine- lysine dipeptide could be metabolized in rats, and that lysine was 
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TABLE IV 
POTENTIAL USE OF TRANSGLUTAMINASE IN PROCESSING OF MILK PROTEINS AND DAIRY 
PRODUCTS 
Caseinates ^7 Gelation, emulsifying properties, viscosity 
&s,-Casein Films, coating, artificial skin, immobilizing enzymes 
Whey proteins Packaging film 
Yoghurt, fresh cheese 7 Gel strength, ^v syneresis 
Ice cream ^ Water binding, gelation properties 
Proteolysates Covalent incorporation of lysyl peptides 


integrated in rat tissues (Iwami and Yasumoto, 1986; Friedman and Finot, 
1990). Moreover, rats fed with cross-linked caseins grew normally as 
compared to rats fed with native caseins (Seguro et al., 1996), suggesting that 
the cross-linked proteins are cleaved and that the lysine in the moiety is 
metabolically utilized in the body. 

In summary, enzymatic hydrolysis presents numerous possibilities to 
modify the properties of proteins. Several food-grade enzymes with different 
specificities are now available. The selection of an enzyme is mainly dictated 
by its cost, while the cost of an enzyme accounts for only a small percentage 
of the protein hydrolysate production cost. 


E. LIBERATION OF BIOLOGICALLY FUNCTIONAL PEPTIDES 


The isolation and characterization of encephalins in 1975 led to the detection 
in 1979 of the opioid activity of peptides issued from partial proteolysis of 
dairy proteins (Brantl et al., 1979, 1981, 1982; Henschen et al., 1979; 
Lottspeich et al., 1980). Peptides that are inactive within the amino acid 
sequence of a protein may be released by digestive processes in vivo and may 
act as physiological modulators of metabolism. In analogy to the endogenous 
opioid peptides (endorphins), opioid peptides from food proteins have been 
called exorphins (Zioudrou et al., 1979; Clare and Swaisgood, 2000). 
Peptides with antihypertensive, immunomodulating, antithrombotic, and 
opioid activities have been found in bovine and human milks, and in 
fermented products and cheese (Smacchi and Gobetti, 2000). 


1. Peptides with opioid agonistic and antagonistic activities 


Most of the known bioactive peptides derived from milk proteins are 
opioid peptides (Table V). Those derived from caseins are called 
casomorphins or casoxins, while those from whey proteins are lactorphins, 
lactoferroxins or serorphin. Major opioid peptides are fragments of B-casein. 


op 


TABLE V 

MAIN BIOLOGICAL PROPERTIES OF PEPTIDES ISSUED FROM MILK PROTEINS 

No. Sequence Fragment Name Biological activity 
Opioid ACE Immuno-modulatory Cat 
IC50* Inhibition (% control‘) binding 
IC50^ capacity 

1 YPFPGPIPNSL B-Cn (f60-70) B-Casomorphin-11 10 
2 YPFPGPI B-Cn (f60-66) B-Casomorphin-7 14 500 — 21/4 26 
3 YPFPG B-Cn (f60-64) p-Casomorphin-5 1.1 0 
4 RYLGYLE Qs1-Cn (f90-96) a-Casein exorphin 1.2 e 
5 RYLGYL Qs1-Cn (f90-95) a-Casein exorphin 12 z 
6 YLGYLE ası-Cn (f91-96) a-Casein exorphin 45 : 
7 YLGF * NH2 a-La (f50-53) a-Lactorphin 300 733 e 
8 YLLF * NH2 B-Lg (f102-105) B-Lactorphin 160 172 O 
9 YL B-Lg (f102-103) 122 = 

ası-Cn (f91-92) ^ 
10 LF B-Lg (f104-105) 349 
11 YGFQNA SA (f399-404) Serorphin 85 
12 SRYPSY * OCH3 k-Cn (f33-38) Casoxin 6 15 
13 YIPIQYVLSR k-Cn (f25-34) Casoxin C 50 
14 AVPYPQR p-Cn (f177-183) B-Casokinin-7 15 
15  FFVAP ası-Cn (f23-27) a-Casokinin-5 6 
16 | FPEVFGK Qs1-Cn (f28-34) a-Casokinin-7 140 
17 TTMPLW ası-Cn (f194-199)  a-Casokinin-6 16 121/+ 162 
18 YQQPVLGPVR p-Cn (f193-202) p-Casokinin-10 300 — 28/+ 14 
19 PGPIPN B-Cn (f63-68) Immunopeptide 122/+ 139 
20 LLY B-Cn (f191-193) Immunopeptide +148 


TABLE V (continued) 


MAIN BIOLOGICAL PROPERTIES OF PEPTIDES ISSUED FROM MILK PROTEINS 


Biological activity 


No. Sequence Fragment Name 
ACE Car 
Opioid Inhibition Immuno-modulatory binding 
IC50* IC50^ (96 control^) capacity 
21 YG a-La(f50-51) > 1000 +101 
a-La(f18-19) 
k-Cn (f38-39) 
22 YGG a-La (f18-20) +35 
23 RELEELNVPGEIVES B-Cn (f1-25)4P Caseinophospho- 629 
* LS * S * S * EESITR peptide 
24 DIGS * ES * Qs ;-Cn (f43-58)2P Caseinophospho- 328 
TEDQAMEDIM peptide 
25  QMEAES * IS *S*S* | ag;-Cn (f59-79) Caseinophospho- 841 
EEIVPNS * VEQK Peptide 
26 FKCRRWNRMKKL LF (f17-41) Lactoferricin Antimicrobial 
GAPSITCVRRAF 
27  MAIPPKKNQDK «-Cn (f106-116) Casoplatelin Antithrombotic 


S * phosphoseryl; Source: adapted from Meisel (1998). 

“ICso value (mol/l) given for peptide concentration inhibiting [*H]-naloxone binding, by 50%. 
PICso value (mol/l) given for peptide concentration inhibiting the activity of ACE, by 50%. 
Values indicate % stimulation (+) and inhibition (— ) in relation to control ( = 100). 
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These B-casomorphins were found in analogous positions in sheep, water 
buffalo and human B-casein. B-Casomorphins correspond to the fragment 
60—70 of the B-casein sequence. These compounds are liberated from casein 
by enzymatic in vitro digestion (Henschen et al., 1979; Teschemacher and 
Koch, 1990; Meisel and Schlimme, 1996; Meisel, 1998) as well as under in 
vivo conditions. Opioid antagonists have been found in bovine and human 
K-casein (casoxins) and in as -casein (Meisel and Schlimme, 1996). The 
opioid antagonist lactoferroxin has been found in human lactoferrin (Meisel, 
1998). Various synthetic casoxins were isolated as C-terminally methoxy- 
lated peptides (fragments 33-38, 34—38 and 35-38 of k-casein). They were 
more active than native fragments. Tryptic fragment 25-34 of bovine 
K-casein (casoxin C) showed a relatively high opioid antagonistic activity in 
comparison to the esterified peptides (Meisel and Schlimme, 1996). Casoxins 
are opioid receptor ligands of the p-type with relatively low antagonistic 
potency as compared with naloxone. Recently, a tryptic peptide with 
an anxiolytic activity has been isolated from bovine ag ,-casein (fragment 
91—100, named a-casozepine; Miclo et al., 2001). 


2. ACE-inhibitory activity 


These peptides exert their bioactivity through the inhibition of the ACE. ACE 
is a multifunctional enzyme (Meisel and Schlimme, 1996) located in different 
tissues (brain, plasma, lung, kidney, heart, skeletal muscle, pancreas, spleen, 
placenta, arteries, testes, uterus and brush border; Meisel and Schlimme, 
1996), and plays a key physiological role in the regulation of local levels of 
endogenous bioactive peptides. Exogenous ACE inhibitors having a 
hypertensive effect in vivo were first discovered in snake venom (Ferreira 
et al., 1970; Kato and Suzuki, 1971). Several food protein sources including 
fish, maize and milk protein contain sequences that inhibit ACE (Meisel and 
Schlimme, 1996). Peptides have been found in ag,-, B- and k-caseins, and in 
bovine serum albumin (Table V). 

ACE-inhibitory peptides are produced during the manufacture of dairy 
products, e.g., secondary proteolysis during cheese ripening. The ACE- 
inhibitory activity in cheese was mainly associated with the low molecular 
mass peptide fraction. 


3. Peptides with immunomodulatory activities 


The bioactivity of immunopeptides has been characterized by different in vitro 
and in vivo test systems. Casein-derived immunopeptides including fragments 
of ası- and B-casein (Table V) have been shown to stimulate phagocytosis 
by murine macrophages, and to exert a protective effect against 
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Klebsiella pneumoniae infection in mice after intravenous treatment (Meisel 
and Schlimme, 1996). The mechanism by which milk protein derived 
peptides exert their immunomodulatory effects is not yet defined. However, 
opioid peptides may affect the immunoreactivity of lymphocytes via the 
opiate receptor. There is a remarkable relationship between the immune 
system and opioid peptides, because opioid u receptors for endorphins are 
present on T lymphocytes and human phagocytic leukocytes (Meisel, 1998). 


4. Peptides with antimicrobial activities 


Antimicrobial peptides have been derived from lactoferrin (Meisel, 1998). An 
antimicrobial peptide fragment was produced in vitro upon enzymatic 
cleavage of lactoferrin with pepsin. The resulting peptide had better 
bactericidal properties than the undigested lactoferrin, suggesting that its 
smaller size may facilitate access to target sites on the microbial surface. The 
antimicrobial activity of lactoferrin seemed to be correlated with the net 
positive charge on the peptide. An asz-casein fragment (165—203), named 
casocidin-L, containing a high proportion of basic amino acids was also 
found to be an antibacterial agent which can inhibit the growth of E. coli and 
Staphylococcus carnosus (Meisel and Schlimme, 1996). 


5. Peptides with antithrombotic activities 


Casoplatelins are peptides obtained from the caseinomacropeptide (fragment 
106—162) of bovine k-casein (Meisel and Schlimme, 1996). These peptides 
are inhibitors of the aggregation of platelets as well as of the binding of 
human fibrinogen y-chain to a specific receptor site on the platelet surface. 
The main antithrombotic peptides of k-casein are the sequences 106—116, 
106-112, 112-116 and 113—116. Three amino acid residues (Ile 108, Lys 
112, Asp 115) of k-casein fragment 106—116 are in homologous positions as 
compared with the -chain sequence of human fibrinogen (Meisel and 
Schlimme, 1996). These residues seem to be important for the inhibitory 
effect, which is due to the competition between antithrombotic peptides and 
the y-chain for the platelet receptors. 


6. Peptides with mineral-binding properties 


Micelles in bovine milk contain physiologically significant amounts of 
calcium and phosphorous because of phosphorylated seryl residues in as;-, 
asz- and B-casein. These casein phosphopeptide (CPP) fragments help to 
create thermodynamically stable casein micelles super-saturated with 
calcium and phosphate, thus contributing to the stability of milk during 
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heat processing (Holt, 1994; Holt and Horne, 1996). In vitro, cleavage of 
casein with enzymes such as trypsin and alcalase leads to a number of CPP 
fragments (Adamson and Reynolds, 1995, 1996). If CPP exerts a function 
in vivo, one may expect that these casein-derived fragments are relatively 
resistant to proteolytic breakdown in the intestinal tract. Naito and Suzuki 
(1974) showed that this is indeed the case. In later rat studies, these results 
were confirmed; furthermore, it was shown that the formation of CPP in the 
intestine could increase the concentration of soluble calcium (Lee et al., 1980, 
1983; Sato et al., 1991; Hirayama et al., 1992). Meisel and Frister (1989) 
found that CPP fragments were also released in the intestine of mini pigs. 

Cell culture and animal and human studies have subsequently addressed 
the question of whether CPP in the diet improves the absorption of calcium. 
The animal studies that tried to find positive effects of dietary CPP on 
intestinal Ca absorption, Ca balance and bone formation showed contro- 
versial results (see Steijns, 2001 for a review). 

Complexes of Ca, CPP and phosphate have also been shown to reduce 
caries in a dose-dependent fashion, by increasing the level of calcium 
phosphate in the plaque, thus influencing the demineralization/remineraliza- 
tion process (Reynolds et al., 1995), and to significantly reduce the adherence 
of Streptococci to tooth enamel (Schuepbach et al., 1996). 

Most published research on the anticariogenic properties of milk proteins 
concentrates on the whole casein, its hydrolysates, isolated fractions from 
the hydrolysates such as CPP, and some proteose peptone fractions 
(Scholz-Ahrens and Schrezenmeir, 2000; Grenby et al., 2001; Warner et al., 
2001). Whey proteins have also been studied for their anticariogenic 
properties (Reynolds and Del Rio, 1984; Grobler, 1991; Loimaranta et al., 
1999). Therefore, it is possible that whey proteins, as a whole or after 
hydrolysis, could exhibit some cariostatic effects that might find applications 
in food and other formulations (Warner et al., 2001). Although whey proteins 
gave a lower level of protection against caries than CPP, they are readily 
available and their preparation on a large scale is economically competitive. 


IV. GENETIC ENGINEERING OF MILK PROTEINS AND PROTEASES 


One of the most important factors that determine whether or not a protein is 
usable in the fabrication of a food product is its functionality. The 
functionality results from a combination of physico-chemical properties 
that define the behavior of the food protein in food systems. It is evident that a 
detailed understanding of food protein functionality requires an intimate 
knowledge of the protein structure. The bovine milk protein system has been 
studied in great detail. Although providing useful structure— function 
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information on proteins, chemical derivatization often results in polydisperse 
protein products because of more or less random reactions with protein 
functional groups of varying reactivity. Thus, specificity of modification is 
lost, which can hamper interpretation of structure—function information. 

Recent developments in recombinant DNA technology can be used to 
systematically alter single amino acids in the primary sequence of proteins. It 
is known that single changes in amino acids can markedly alter the functional 
characteristics of proteins. 

In the genetic engineering of enzymes, one probably requires the precision 
of modification inherent in recombinant DNA techniques to alter the Km, 
Vmax, Specificity, etc. of the enzyme. It is now feasible to genetically engineer 
enzymes to change their thermal inactivation, kinetic characteristics, and 
specificity to make them more suitable for use in food processing and 
analysis. Manipulation of the functionality of food proteins for the most part 
will probably not require such precision and it becomes possible to alter their 
properties with more generalized changes. This section will discuss the use of 
some changes in B-lactoglobulin to improve its functional properties and the 
use of oligodeoxynucleotide directed mutagenesis for specific alterations in 
the primary structure of trypsin to change its characteristics. 


A. THERMOSTABILITY OF B-LACTOGLOBULIN 


B-Lactoglobulin serves as an excellent model system because the various 
requirements to carry out protein engineering have been established, 
including a high resolution structure and a system for expression of the 
recombinant protein. 

Various preparations of whey proteins have found applications in food 
formulations for either their nutritional or functional properties. For example, 
the texture of yoghurt is highly dependent upon the incorporation of 
B-lactoglobulin in the curd. To achieve this, the milk is heated to 85°C to 
aggregate B-lactoglobulin onto the casein micelle. On the other hand, the use 
of whey proteins in beverage formulations is limited where thermal processing 
is required and a clear, nonturbid solution is desirable. Applications are 
limited due to its tendency to form aggregates that scatter light upon heating. 
The free thiol group (see Section II.D) initiates thermal-induced reactions 
leading to the formation of macromolecular complexes. Q-Lactoglobulin 
cannot form effective gels when reducing conditions are used. 

The events leading to the macromolecular associations observed with 
B-lactoglobulin appear to be mediated by disulfide interactions. The initial 
solution proposed to reduce thermoinduced aggregation was to remove the 
Cys 121 and replace it with alanine (Cho et al., 1994). Unfortunately, reco- 
mbinant protein could not be purified from inclusion bodies. The alternative 
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for enhancing thermostability was to engage the free thiol in a disulfide 
bridge, thus introducing a third disulfide linkage into the protein. Due to their 
close vicinity with Cys 121, Ala 132 and Leu 104 were chosen for 
replacement with a cysteine. A132C and L104C proteins were created. In 
contrast to C121A, both of these proteins refolded properly. The con- 
formational stability of the mutant proteins against thermal denaturation was 
substantially increased (8—10°C) as compared with wild-type B-lactoglobu- 
lin. The midpoint of the denaturation profile of A132C B-lactoglobulin is at a 
guanidine hydrochloride concentration of 4.5 M as compared to 3.6 and 
3.4 M for L104C and wild-type B-lactoglobulin, respectively. Neither the 
A132C nor the L104C polymerized upon heating at 65°C, in contrast to the 
wild-type protein. Thus, a valuable performance attribute was engineered into 
the protein by modification of its thermal stability (Cho et al., 1994). 


B. GELATION OF 8-LACTOGLOBULIN 


The curd formed during the manufacture of cheese and other fermented dairy 
products results in a partial denaturation and aggregation of proteins. 
Although the curd is primarily composed of caseins, some whey proteins may 
be entrapped depending on the process and particularly on the temperature to 
which the milk is heated prior to fermentation. Yoghurt has a significant 
amount of B-lactoglobulin in its curd due to the high temperature used in 
the process, which is sufficient to denature this protein. Incorporation of 
p-lactoglobulin into the curd is desirable for textural and flavor properties of 
the product. 

The design of thermostable variants of B-lactoglobulin coupled with the 
fact that chemical thiolation could increase the gel strength, suggested a 
strategy for engineering proteins with enhanced gelation ability (Kim et al., 
1990a; Lee et al., 1993). Increasing the free thiol group content might 
enhance gelation. Two mutations F82C and R40C were engineered and the 
resulting gel strength measured by a penetrometer that measured the weight 
necessary for a flat-tipped needle to puncture the gel inside a capillary tube. 
Wild-type B-lactoglobulin when heated at 90°C for 15 min formed gels with 
strengths of 14—19 g over a concentration range 9.4—10%, but it did not form 
a gel below 9%. In contrast, F82C f-lactoglobulin formed a gel at 
concentrations down to 8% with a gel strength of 23.7 g. Gels of RA0C/ 
F82C B-lactoglobulin were formed at concentrations as low as 6.8% and had 
a gel strength of 16.5 g (Batt, 1997). 

The key issue with a number of modifications that have been made to 
B-lactoglobulin is their performance as food ingredients, especially when 
added to complex formulations (Lee etal., 1994). As a model system, yoghurt is 
simple and could be improved by reducing whey syneresis. Since the double 
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mutant R40C/F28C formed stronger gels at lower temperatures as compared to 
the wild-type B-lactoglobulin, its functionality as a food additive for yoghurt 
has been explored. Very small amounts of R40C/F28C p-lactoglobulin 
reduced the amount of whey formed in yoghurt that was processed at 70?C, a 
temperature 15°C lower than the standard regimen. 


C. DESIGN OF RECOMBINANT ENZYMES USED FOR PROTEIN 
MODIFICATION 


The cost of enzyme purification is a major factor in the expense of most 
enzyme processes. If a bioreactor is incorporated into the process, then costs 
associated with bioreactor preparation and regeneration as well as the 
operational stability of the immobilized enzyme are major factors in the 
economics of the bioprocess (Swaisgood, 1991). 

One of the approaches has been to genetically design fusion proteins with 
an affinity domain linked to the enzyme. This technology provides for one- 
step purification as opposed to the multistep processes required for puri- 
fication of commercial enzymes. Furthermore, immobilization can be 
achieved at the same time, leading to a minimization of bioreactor preparation 
costs. Fusion proteins with streptavidin as an affinity domain have been 
designed (Sano and Cantor, 1991; Walsh and Swaisgood, 1994; Lee and 
Swaisgood, 1998). 

Cross-linking of the polypeptide chains can dramatically alter the 
functionality of food proteins. This result may be achieved by sulfhydryl— 
disulfide interchange (see Section ILD.). More extensive cross-linking can be 
obtained by using transglutaminase to catalyze formation of isopeptide bonds 
between the y-carboxamide group of glutaminyl residues and the s-amino 
group of lysyl residues (see Section IILD.). An immobilized streptavidin- 
transglutaminase with a specific activity nearly 5096 of that obtained for 
purified guinea pig liver enzyme has been designed and expressed (Oh et al., 
1993; Huang et al., 1995). 

The functional behavior of a food protein depends on a number of 
molecular properties including the chemical characteristics of the surface 
such as the distribution of the charge and polar and nonpolar residues, and the 
flexibility of the structure (Huang et al., 1996). These characteristics are 
modified by limited hydrolysis (see Section IILA.). Size and structure of a 
polypeptide are important for good functionality. Consequently, DH must be 
carefully controlled (Huang et al., 1996). Such a control is best achieved by 
using immobilized enzymes, which in turn avoids the necessity of a down- 
stream enzyme inactivation step that may destroy the structure of the poly- 
peptide, prevents enzyme autolysis, and avoids contamination of the product 
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with the proteinase (Swaisgood, 1991). An effort to develop enzyme 
purification and immobilization technology has been done, and the genetic 
construction and expression of a trypsin—streptavidin has been investigated 
(Higaki et al., 1989). 

One of the major goals in protease engineering is to understand how 
structure determines function. Site-directed mutagenesis can provide a 
powerful approach to design enzymes with novel specificities (Perona 
and Craik, 1995). The aspartyl 189 residue of trypsin (Sj) is crucial for 
substrate orientation and specific lysis of its Arg—X and Lys—X bonds (Pj). 
Sequence alignments of other seryl proteases reveal that the vicinal amino 
acid residue 188 (S5) is highly conserved and can be either a lysine or an 
arginine (Perona and Craik, 1995). Consequently, the amino acid in position 
188 plays an important role differing, however, from outright definition of 
protease specificity determination. K188 was replaced with aromatic amino 
acids (Chobert et al., 19982) or histidine (Briand et al., 1997) in order to 
change the interactions of the substrate-binding site and, hence, modulate 
catalytic properties of this protease. In other series of experiment the 
highly conserved G187, K188 and D189 were replaced with aromatic amino 
acid residues (Chobert et al., 1998b) in order to perturb the electrostatics and 
to amplify hydrophobic interactions of the substrate-binding site. 

Caseins were and are widely used as industrial and food substrates because 
they are inexpensive and easily obtained in highly purified forms. B-Casein is 
an abundant and well-characterized milk protein with a pronounced amphi- 
philic character and containing a large number of prolyl residues (1 proline 
per about 6 amino acid residues). The peptides arising from fragmentation of 
B-casein have interesting physiological and biological activities (see Section 
IILE.). All these reasons mean that B-casein may constitute a model of choice 
for relatively sophisticated hydrolysis studies. 

The trypsin mutants K188F, K188Y and K188W (Chobert et al., 19982) 
were characterized first by analyzing the kinetic parameters kcat Km, and 
kcat/Km for comparable artificial tetrapeptide substrates containing arginine 
(Suc-Ala-Ala-Pro-Arg-pNA) and lysine (Suc-Ala-Ala-Pro-Lys-pNA) (Table 
VD. Compared with trypsin, mutants K188F, K188Y and K188W exhibited a 
1.6- to 3-fold increase of K,, for arginine and lysine containing substrates, 
respectively. These mutants had koat similar to that observed with wild-type 
except for a 3- to 4-fold decrease for K188W mutant. While the second-order 
rate constant kcat/Km of K188W trypsin mutant decreased 7 7- to 12-fold for 
substrates containing arginine and lysine, respectively, 2-fold decrease was 
observed for K188F and K188Y trypsin mutants. Wild-type and K188Y 
trypsins showed 6-fold arginine/lysine preference whereas K188F and 
K188W trypsins preferred the arginine over the substrate containing lysine 
by a factor of 8 and 10, respectively. 
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TABLE VI 

KINETIC PARAMETERS OF WILD-TYPE AND MUTANT TRYPSINS MEASURED AT pH 8 
Enzyme Substrate" Kn (uM) Koat (s koat Km (s^! pM) 
Wild-type Arg 32.8 + 7.1 163 + 31 4.97 + 1.21 
K188F 55.4 + 1.3 144 + 15 2.63 + 0.31 
K188Y 53.44 + 2.2 114 + 12 2.14 = 0.33 
K188W 98.0 + 8.1 58 + 3 0.59 + 0.01 
WFY^ 47.0 = 7.0 4.9 + 0.4 0.11 = 0.001 
Wild-type Lys 105 + 15 74 + 15 0.71 € 0.21 
K188F 188 + 20 61 + 12 0.32 + 0.07 
K188Y 107 + 10 43 44 0.41 + 0.03 
K188W 292 + 25 17+4 0.059 + 0.013 
WEY? 123 + 0.3 1.7 + 0.1 0.013 + 0.0005 


“Substrates: Suc-Ala-Ala-Pro-Arg-pNA and Suc-Ala-Ala-Pro-Lys-pNA. 
PWEY: G187W/K188F/D189Y. 


The same lysyl residue 188 was replaced with histidine in order to build a 
metal chelation site in the substrate-binding pocket of trypsin (Briand et al., 
1997). K188H mutation did not affect catalytic efficiency at all. In the 
presence of Cu?*, trypsin K188H exhibited a 30- to 100-fold increase of Km, 
while kca was only slightly decreased (Table VIT). Hydrolytic activity of this 
mutant could be fully restored by addition of EDTA. Thus, in contrast to the 
chelation of the active site, a different mode of metal-dependent inhibition of 
the activity of trypsin by building a co-ordination site in the substrate-binding 
pocket of the protease was achieved. 

In other series of experiment, the highly conserved G187, K188 and D189 
were replaced with aromatic amino acid residues in order to perturb the 
electrostatic interactions and to amplify hydrophobic interactions of the 
substrate-binding site (Chobert et al., 1998b). The mutant G187W/K188F/ 
D189Y exhibited 1.3-fold increase in K,, values for tetrapeptide synthetic 
substrates. This mutant shows a 30- to 40-fold decrease of its keat and its 
second-order rate constant kcat/Km decreased ~ 40- and 55-fold for substrates 
containing arginine and lysine, respectively (Table VI). 

Synthetic substrates allow rapid determination of the catalytic constants of 
an enzyme. Nevertheless, it is known that the environment of the peptide 
bond depends largely on physico-chemical conditions of the applied media, 
and imposed steric hindrance. Since these parameters are important, the 
hydrolysis of purified B-casein was studied at different pHs. The kinetic 
analysis revealed that the mutant conserved the native trypsin capacity to 
hydrolyze peptide bonds containing arginyl and lysyl residues. The optimal 
pH of activity changed considerably according to the mutation. 
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TABLE VII 
KINETIC PARAMETERS OF WILD-TYPE AND K188H TRYPSINS MEASURED AT pH 8, WITH 0, 5 OR 
200 uM Cu?” 
[Cu^*] (uM) Substrate? Km (uM) keat (8. D) kadlKg (S! uM!) 
Wild-type Arg 
0 41-1 132 * 5 3.22 * 0.17 
5 49 —-2 109 — 16 2.22 * 0.43 
200 421 79-5 1.88 + 0.17 
K188H 
0 30 +2 169 + 12 5.63 + 0.84 
5 118 +3 150 + 11 1.27 + 0.32 
200 ~ 2200 ~131 + 10 0.06 + 0.13 
Wild-type Lys 
0 75-7 39 +2 0.52 + 0.08 
5 102 +4 3442 0.33 + 0.03 
200 104 + 3 26 +5 0.25 + 0.06 
K188H 
0 M441 48 +5 0.65 + 0.05 
5 409 + 42 5443 0.13 + 0.02 
200 ~7500 ~5445 0.007 + 0.001 


“Substrates: Suc-Ala-Ala-Pro-Arg-pNA and Suc-Ala-Ala-Pro-Lys-pNA. 


Surprisingly, as demonstrated only by proteolysis of a natural substrate 
(B-casein), all aromatic mutants and the triple mutant G187W/K188F/D189Y 
acquired the capacity to hydrolyze B-casein at C-termini of amidated amino 
acids (Q and N) (Figure 9). 

The use of B-casein as a test substrate presents, besides the importance of 
this protein in the food industry, advantages of releasing the hydrolysis from 
several structural limitations characteristic of many other potential native 
protein substrates. The use of this protein enabled a better understanding of 
the scope and validity of the results obtained with synthetic substrates. 
Additionally, the harnessing of mutated trypsins into the processing of 
B-casein diversified the peptide products obtained. Most of the observed new 
cleavage sites were located in the hydrophobic portion of the protein. 

Modifications introduced by the mutations were central to the alteration 
of the specificities of the enzymes studied, which were capable of cleaving 
B-casein at many new sites, for example, hydrolyzing the fragment Argl- 
Lys105, reported to be a trypsin inhibitor (Bouhallab et al., 1997). Since 
many tryptic inhibitors contain amidated Glu and Asp, and form amyloid 
structures, the mutants of this type could be used for the hydrolysis of the 
lytically resistant protein structures. 
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H.Arg- Glu-Leu-Glu-Glu-Leu-Asn-Vai-Pro-Gly-Glu-lle-Val-Glu-SerP-Leu-SerP- 
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8 
Leu y w-Val- Tyr v -Pro-Phe-Pro-Gly-Pro-lley W-Hts y -Asnyy-Ser- 
0 
Leu-Pro-Gin v -Asn-lle-Pro-Pro-Leu-Tht-Gin-Thr-Pro-Val-Val-Val-Pro-Pro-Phe ‘y -Leu-Gln-Pre 
ri 
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08 
Hlu-Met-Pro-Phe v-Pro-Ljs- V Tyr-Pro-Val-Glu-Pro-Phe Y y-Thry-Glu-Ser-Gin v W- 
24 
Berv -Leu-Thr-Leu y -Thrv -Asp-Val-Glu-Asn v -Leu-His-Leu-Pro v -Leuyy- 


38 
Prov -Leu-Leuyy-Gln y yyy-Ser-Trpy w-Met-His-Gin-Pro-His-Gin-Pro-Leu-Pro-Pro v - 


54 
'hr-Valy-Met-Phe-Pro-Pro-Gln y W-Sery-Val-Leuy W-Ser-Leu-Ser v -Gln v -Ser- 


69 

Lys- WVal-Leu-Pro-Val-Pro-Gin-Lys- V Ala-Val-Pro-Tyr-Pro-Gin-Arg- Asp-Met-Pro-lle- Gin- 
89 

Nay F-Phe'y YW-Leu v Y-WLeuM/ Tyr y-Glmv y-yGlu-Pro- 


97 
taly -Leu-Glv-Pro-Val-Ara- V Giv-Pro-Phe-Pro-Iie- WlleV-Val OH 


FIG. 9 Cleavage sites obtained from 48 h of hydrolysis of B-casein with K188F (F), 
K188Y (Y), K188W (W) and G187W/K188F/D189Y (r) at pH 8. B-Casein (1 mg/ml, 
initial concentration) was dissolved in 0.2 M Tris-HCl. Active enzyme was added to 
B-casein solution at an enzyme/substrate ratio of 0.01, 0.02, 0.02 and 1% for K188F, 
K188Y, K188W and G187W/K188F/D189Y (w/w), respectively. Source: From Haertlé 
and Chobert (1999), by courtesy of Food & Nutrition Press, Inc. 
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V. CONCLUSION 


Proteins are fundamentally as important as nutrients but now they are 
considered to be much more. Through their unique functional properties, they 
can become key ingredients that determine many parameters of food quality. 
However, most proteins still have scope for further improvement in their 
physical and functional properties. The application of several simple physico- 
chemical and hydrolytic treatments to caseins and whey proteins can change 
significantly their functional properties. The simplest approach involves the 
modification of protein/peptide surface polarity. This may be achieved either 
by changing the ionization of polar amino acid side-chains or by blocking 
-amino groups by glycation or substitution of carboxylates by esterification. 
Esterified dairy proteins or any abundant food proteins can become almost 
unlimited substrates for the production of diversified and amplified peptide 
libraries. Relatively mild phosphorylation of dairy proteins with POCHI, in the 
presence of natural nucleophiles such as basic amino acids, alters the net 
charge of substituted proteins but also grafts significant amounts of arginine 
and lysine through phosphoamide bonds. Simple glycations of B-lactoglo- 
bulin with reducing sugars under mild conditions (pH 6, 60°C) can substitute 
up to 70% of e-amino groups and significantly improve the solubility of 
transformed proteins. As us known for over 90 years due to the pioneering 
work of L. C. Maillard, these processes also operate during food storage 
and aging. It is clear that they may be either beneficial to food protein 
functionality or harmful to their perception as food. The manipulation of 
disulfide bridges of abundant whey globulins such as a-lactalbumin and 
B-lactoglobulin through astute use of baric treatment for conformational 
destabilization and of appropriate redox conditions scrambles disulfide 
bridges creating intermolecular arrays of disulfide connections. By varying 
applied pressure, temperature, pH, concentrations and initiating reducer 
sulfide, different viscosities or gel types of the protein solutions can be 
obtained. Alternatively, the blocking of free cysteine in B-lactoglobulin 
increases its stability and eliminates the capacity to promote the aggregation 
process described before. The surfactant properties of proteins have been 
given a special attention since they determine the physical and functional 
properties of proteins in many food and biological systems. The sophisticated 
methodology available to improve the surface properties of proteins 
emphasizes the potential of chemical (and enzymatic) modifications of 
their functionality. 

Enzymes have long been used for modifying food proteins and their use is 
more acceptable in the eye of the nonscientist than is the use of chemicals. 
The use of modified enzymes for processing foods is developing rapidly. 
In each case, the tailored proteins are used for processing purposes and not as 
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part of the food, per se, such as immobilized enzyme. The use of enzymes 
for preparing peptides for research purposes has been employed for the 
formation of opioids from food proteins such as caseins. As stated by Steijns 
(2001), before commencing the development of nutraceuticals from milk or 
whey, a number of technological and marketing issues should be addressed. 
The question of the cost of the process required to manufacture the desired 
protein or peptide should be dealt with at a very early stage, together with 
how to productively utilize the nonbioactive residual raw material. Food 
safety is also an important feature. Cost effectiveness of the ingredient and 
ease of incorporation into a good tasting end product are vital. Claiming a 
message that can be understood by consumers or is allowed by legal 
authorities is a further pre-requisite for successful market introduction. 
According to the present state of knowledge, caseinophosphopeptides and 
ACE-inhibitory peptides are the favorite bioactive peptides for diet 
supplementation and application to foodstuffs formulated to provide specific 
health benefits. 

We have seen how oligodeoxynucleotide site-directed mutagenesis can be 
used to engineer the primary sequences of proteins, and examples were given 
of how this powerful technique can be used to engineer enzymes and their 
protein substrates. 

The modification of the contact surfaces between substrate protein and 
protease triggers important variations in the hydrolytic processing of dairy 
proteins. This is achieved either by modifying the conformation of dairy 
globulins by mild physico-chemical treatments or by well-conceived site- 
directed mutagenesis of the S2 proteinase substrate-binding site. Finally, 
microbial transglutaminase, as well as other transglutaminases, can catalyze 
formation of the s-(y-glutamyl) lysine bond in many food proteins; the 
resulting cross-link drastically alters protein functionalities. Applications 
are emerging in the development of novel foods and nonfood processing 
methods. There may be many applications in the incorporation of various 
amines, amino acids, lysine-containing peptides, glutamine-containing 
peptides and heterologous polypeptides. There is no doubt that microbial 
transglutaminase technology will be an essential tool for protein modification 
in both food processing and nonfood processing in the future. 

Additional research is necessary before successful genetic manipulation 
of plants and animals to tailor-make more functional proteins becomes a 
reality. 

In summary, intact milk proteins have their specific functions such as 
casein micelle formation and regulation of lactose synthesis. Milk proteins 
exhibit various biological activities when they are partially digested as 
described before. They are finally a source of essential amino acids. This 
means milk proteins are highly functional substances. 
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I. INTRODUCTION 


Selenomethionine (SeMet), the selenium (Se-) analog of methionine (Met), 
was first suspected in the 1930s to be one of the toxic principles of 
seleniferous plants (Franke and Painter, 1938), although definite proof for its 
existence became possible only in 1947, after synthetic SeMet had become 
available (Klosterman and Painter, 1947). Chromatographic evidence also 
suggested SeMet to be present in seleniferous wheat protein extracts (Smith, 
1949), which was confirmed by Peterson and Butler (1962), Butler and 
Peterson (1967) and Olson et al. (1970). Concurrent studies established that 
SeMet was also synthesized by certain marine algae (Shrift, 1954 a,b), 
Escherichia coli (Tuve and Williams, 1961), Saccharomyces cerevisiae 
(Blau, 1961), Candida albicans (Hedegaard et al., 1963), and by rumen 
bacteria (Hidiroglou et al., 1968). In 1962, ™Se-labeled SeMet was 
introduced as a radioactive tracer and pancreatic radioimaging agent (Blau 
and Bender, 1962). The discovery of the nutritional essentiality of Se by 
Schwarz and Foltz (1957) created the need for an appropriate supplemental 
form of Se to prevent Se deficiency diseases in farm animals. Since synthetic 
SeMet was prohibitively expensive, sodium selenite and -selenate were 
approved for use as feed additives. These inorganic Se salts are readily 
absorbed and utilized for selenoenzyme synthesis but are less effective in 
raising blood Se levels than SeMet (Thomson and Stewart, 1974; Griffiths 
et al., 1976; Robinson et al., 1978; Thomson et al., 1978; Van Rij et al., 
1979). To provide an economical food source of SeMet for use in human and 
animal nutrition, methods for the industrial production of Se-enriched yeast 
were developed by leading yeast manufacturers on initiative of Nutrition 21, a 
California nutritional supplement company. Presently, Se yeast is manufac- 
tured in many countries. In 1984, synthetic SeMet became available at a cost 
comparable to Se yeast on a per se basis. Methods of production of alternative 
food sources of SeMet such as high-Se wheat grains and of other Se-enriched 
crops were also devised (Gupta and MacLoed, 1998; Djusic et al., 1998; 
Kivisaari, 1998; Whanger et al., 1998). 


Il. PROPERTIES OF SELENOMETHIONINE 


Selenomethionine [2-amino-4-(methylseleno)-butanoic acid], CH3-Se- 
CH5CH5CH(NH);-COOH, (C5H;;NO5Se; C, 30.62%, H, 5.6596, N, 
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7.14%, O, 16.32%, Se, 40.26%, FW 196.11), Chemical Abstracts Number 
2578-28-1, is a colorless compound with a musty odor, and crystallizes from 
aqueous acetone in the form of hexagonal crystals. SeMet exists in three 
forms. The L-form occurs naturally; the D-enantiomer and DL-mixture are 
obtained synthetically. Pure L-SeMet melts with decomposition at 274°C, DL- 
SeMet at 265?C, making it thermally somewhat less stable than its sulfur 
analog. SeMet is less soluble in water than Met due to the greater 
hydrophobicity of the CH4-Se- as compared to the CH4-S- group 
(Shepherd and Huber, 1969); at 30°C and pH 7.0. For example, saturated 
solutions of SeMet and Met are 0.108 and 0.386 M, respectively. In 2N HCl 
(c = 0.02), L-SeMet has an [a ]p of +21.2° (Koch and Burchardt, 1993), its 
half-time of racemization of 19—20 days in aqueous solution at 100°C at pH 
7.4 is similar to that of Met (Boehm and Bada, 1985; Mendez et al., 1999). On 
acid hydrolysis, SeMet is significantly less stable than Met. In 6N HCl at 
110°C, hydrolysis of SeMet was complete after 7 h, a treatment that leaves the 
sulfur analog Met still essentially unchanged (Chiao and Peterson, 1953). 
SeMet is also more oxygen-sensitive than Met, although the rates of oxidation 
and the role of promoters and inhibitors in oxidation remain to be determined. 
Methionine selenoxide, CH4-Se(O)- CH5CH;CH(NH); -COOH, is formed 
on reaction of SeMet with hydrogen peroxide (Walter et al., 1973). The 
oxidation also occurs efficiently with peroxynitrite (Assmann ef al., 1998). 
Whereas methionine sulfoxide is difficult to reduce to Met under 
physiological conditions, methionine selenoxide is easily converted back to 
SeMet on reaction with reducing agents such as glutathione (GSH), leading to 
the suggestion that SeMet acts catalytically as a cellular antioxidant (Walter 
et al., 1973; Arteel et al., 1999). 


IIl. METHODS OF ANALYSIS 


Pure SeMet may be distinguished from Met by its infrared spectrum 
(Shepherd and Huber, 1969). Identification of SeMet in protein hydrolysates 
is possible by means of standard amino acid analyzers (Sliwkowski, 1984). 
SeMet elutes near to, or with, leucine. Major factors affecting the resolution 
of these two amino acids are temperature and pH. 

Identification of SeMet after being separated from other amino acids by 
means of paper chromatography and electrophoresis is facilitated by spraying 
spots with H5O» or preferably by exposure to cyanogen bromide (Shepherd 
and Huber, 1969). Pre-derivatization of SeMet through reaction with o- 
benzoquinone facilitates separation and identification in the presence of Met. 
Both SeMet and Met react with o-benzoquinone at pH 1 to form phenolic 
sulfonium- or selenonium derivatives whose UV absorption spectra differ. 
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At pH 2, only Met reacts, allowing a distinction between the two compounds 
(Raju et al., 1981). Reversed-phase high-performance liquid chromatography 
(RP-HPLC) involving post-column-derivatization with o-phthalaldehyde 
(OPA) was employed for SeMet determinations in high-Se yeast (Schrauzer, 
1998a,b). For a description of state-of-the-art ion-exchange HPLC, ion-pair 
HPLC and RP-HPLC methods of analysis, see Bird et al. (1997a,b). For 
determinations by gas chromatography with inductively-coupled mass 
spectrometry (GC-ICP-MS), the carboxylic group of SeMet is esterified 
using propan-2-ol, followed by the acylation of the amino group with 
trifluoroacetic acid anhydride. Alternatively, the esterification and acylation 
of SeMet can be achieved in one step by a reaction with ethyl chloroformate— 
ethanol catalyzed by pyridine (Vasquez-Pelaez et al., 2000). A method was 
described (Montes-Bayon ef al., 2001), allowing the detection of L- and 
D-SeMet by reversed-phase liquid chromatography following chiral deriva- 
tization with 1-fluoro-2,4,-dinitrophenyl-5-L-alanine amide (Marfey's Re- 
agent), and inductively-coupled plasma spectrometry (ICP-MS) for detection. 

Reliable enzymatic assays for SeMet are not available as specific SeMet 
metabolizing enzymes have not been identified and enzymes such as 
glutamine transaminase react with Met equally as well as with SeMet (Blazon 
et al., 1994). However, with some enzymes reaction rates for SeMet and Met 
differ sufficiently to be of some use in SeMet analysis. For example, SeMet is 
a better substrate than Met for the a,y-elimination by L-methionine y-lyase of 
Pseudomonas putida (Esaki et al, 1979). The adenosyl methionine 
transferase from rat liver reacts with L-SeMet at 5196 of the rate with 
L-Met, and with the corresponding D-isomers at only 13 and 10% of the rate 
of L-Met (Pan and Tarver, 1967). Other adenosyl methionine transferases, 
such as that from yeast, react with SeMet more rapidly and with higher 
stereoselectivity than with Met, providing an indirect means for SeMet 
determination (Mudd and Cantoni, 1957; Sliwkowski, 1984; Uzar and 
Michaelis, 1994). 

Indirect methods for SeMet determination utilize the facile reaction of 
SeMet with cyanogen bromide. The reaction of SeMet with BrCN yields 
CH3SeCN, which can be measured either via gas chromatography (Zheng and 
Wu, 1988) or determined chemically (Zheng et al., 1989). Applying this 
method to blood and grain, SeMet recoveries of 92.3—96.7% were achieved 
(Yang et al., 1997a,b). 

Use of appropriate methods of protein hydrolysis is of key importance 
irrespective of the method of SeMet determination used. Conditions must be 
chosen to achieve complete protein hydrolysis with minimal concomitant 
destruction of SeMet. In one study (Sliwkowski, 1984), SeMet recovery was 
60-70% after heating the protein (thiolase from C. kluyveri) for 40 min at 
155°C in 3 M mercaptoethanesulfonic acid. Recoveries of SeMet ranging 
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from 55 to 85% were obtained using 6N HCI under anaerobic conditions or 
pronase and prolidase for yeast or wheat protein hydrolysis (Beilstein and 
Whanger, 1986). SeMet recoveries of >90% are routinely accomplished with 
performic acid followed by the reduction of oxidized SeMet (Schrauzer, 
1998a,b). The sample is first oxidized with performic acid followed by 
addition of HBr to remove excess performic acid. Performic acid oxidation 
converts SeMet to the selenium analog of a sulfone, which is more stable than 
SeMet during the subsequent 4 h hydrolysis/reduction step in 6N HCl and 
ascorbic acid addition at 145°C in a N>-purged, sealed ampoule. SeMet is 
determined by RP-HPLC using post-column-derivatization with OPA. 
Primary nonaryl amines yield a strongly fluorescent derivative with OPA 
and 2-mercaptoethanol at pH 9 (borate buffer). Monitoring of the eluted peaks 
using UV prior to OPA treatment is used to augment the OPA-fluorescence 
detection. 


IV. SYNTHESIS 


Early syntheses of SeMet were tedious, non-stereospecific or limited to small- 
scale preparations. Klosterman and Painter (1947), for example, first reacted 
5-(B-bromoethyl)-hydantoin with benzyl selenol to yield y-benzylselenoho- 
mocysteine. The latter was converted to the sodium salt of DL-selenohomo- 
cysteine with sodium in liquid ammonia, and reacted with methyl iodide to 
yield DL-SeMet. Plieninger (1950) obtained DL-SeMet by the reaction of 
sodium selenomethyl mercaptide with a-amino-y-butyrolactone in an inert 
solvent at 170°C. A synthesis of DL-SeMet from acrolein was also described 
(Zdansky, 1968). The first stereospecific synthesis of L-SeMet via esters of 
tosylated homoserine was reported by Pande et al. (1970). 

In the newest method of synthesis, which allows the large-scale production 
of SeMet, L-Met is first converted to the methyl-methionium derivative, 
which is hydrolyzed to homoserine and converted to a-amino-y-butyrolac- 
tone. The latter is reacted with HBr to 2-amino-4-bromobutanoic acid, from 
which L-SeMet is obtained on reaction with LiSeCH3 (Koch and Burchardt, 
1993; Krief et al., 1994). 


V. NATURAL OCCURRENCE AND BIOSYNTHESIS 


A. PLANTS 


Although Se is not known to be required for the growth of plants, most 
assimilate it when grown on seleniferous soils, or in Se-containing 
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hydroponic growth media. The degree of Se uptake is species-dependent. 
Primary Se-accumulators such as some species of Astragalus, Stanleya, and 
Morinda may, in high-Se regions, reach Se contents from hundreds to 
thousands of wg of Se/kg dry weight (Terry et al., 2000). The tolerance of 
these plants to Se is attributed to their ability to convert Se into compounds 
that are not incorporated into the plant proteins and which, therefore, do not 
interfere with plant growth and metabolism. Detected Se compounds include 
SeMethylselenocysteine, selenocystathionine and y-glutaminyl-SeMethylse- 
lenocysteine. Secondary Se-accumulators, such as cereals and forage crops, 
convert Se predominantly into SeMet. On normal soils, their Se contents 
range from 0.01 to 1 mg Se/kg dry weight, but levels toxic to foraging 
animals of up to 63 and 180 mg Se/kg dry weight were observed in wheat 
grown in high-Se areas of Canada and Columbia, respectively (Benavides and 
Silva, 1973). Selenate was sublethal to wheat seedlings when grown under 
experimental conditions in Keyport clay loam at levels of 15 to about 30 ppm 
Se, giving rise to a snow-white chlorosis, which, in sand cultures, is 
accompanied by a pink coloration (Hurd-Karrer, 1934). However, the toxicity 
of selenium to plants cannot be stated accurately as it is determined by the 
amount of sulfur available: whereas wheat seedlings in water cultures in the 
absence of added sulfate suffer distinct injury at selenium concentrations as 
low as 0.1 ppm, 18 ppm of Se as selenate was required to produce visible 
injury at sulfate-sulfur levels of 192 ppm (Hurd-Karrer, 1934). In mature 
secondary Se-accumulator plants, the SeMet is stored mainly in the grain and 
the roots, while smaller amounts are found in the stems and leaves (Beath, 
1937). In plant tissue of the grassland legume species Melilotus indica L., for 
example, SeMet content increased with increasing soil Se concentrations until 
it accounted for more than 50% of the total selenoamino acids of the plant. In 
seleniferous corn, wheat and soybeans, SeMet contents ranged from 81 to 
82% of the total Se (Yang ef al., 1997a,b). The biosynthesis of SeMet 
proceeds in analogy to that of Met via selenocysteine and selenocystathione 
according to Figure 1. The accumulation of SeMet in the protein of 
seleniferous plants is possible because tRNA*' does not discriminate 
between SeMet and its sulfur analog, Met; thus allowing its non-specific 
incorporation into proteins (Burnell, 1981; Eustice et al., 1981). In contrast, 
replacement of cysteine (Cys) by selenocysteine (SeCys) would alter protein 
structure and does not occur to any significant extent. Moreover, since SeCys 
does not charge tRNAC, the SeCys content of plants increases only 
moderately with increasing soil Se (from 5.07 to 22.02 mg/kg) and soon 
reaches a plateau. Other selenoamino acids, namely methylselenocysteine 
and »-glutamyl-SeMethylselenocysteine, also remain at relatively low levels 
in secondary Se-accumulator plants, irrespective of the soil Se content (Guo 
and Wu, 1998). Plant-derived SeMet was detected in wg/kg levels in soil 
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FIG. 1 Biosynthesis of selenomethionine; adapted from Marschner (1995); Schrauzer 
(2000). 


extracts, indicating considerable resistance to further degradation, and 
suggesting that it could be an important source of plant-available Se (Abrams 
and Burau, 1989). Residual SeMet in soils could play a role as a dormancy- 
breaking agent for certain plants (Barros and De Paula-Freitas, 2001). The 
direct assimilation of SeMet by higher plants such as Indian mustard 
(Brassica junctea) has been demonstrated (Zayed et al., 1998). SeMet in 
certain plants is methylated further to SeMethylselenonio-methionine 
(SeMethylSeMet) and cleaved to the volatile dimethylselenide (DMSe) 
(Figure 2). The latter may also be produced from dimethylselenoniopropio- 
nate (DMSeP), formed from SeMethylSeMet by decarboxylation, transam- 
ination and betaine aldehyde dehydrogenase. 

The ability of plants to degrade SeMet to the DMSe is strongly species- 
dependent and represents a detoxification mechanism. However, Se 
volatilization may also result in losses of Se from food crops, aggravating 
Se deficiency in low-Se regions. Rice, broccoli and cabbage volatilized at the 
highest rates (200—350 ug Se/m? leaf area per day); and sugar beet, bean, 
lettuce and onion volatilized at lowest rates (Terry et al., 1992). 


B. MARINE PHYTOPLANKTON 


Marine algae also convert Se predominantly into SeMet (Bottino et al., 1984), 
Se uptake is dependent on the Se/S ratio in the medium and on the chemical 
form supplied. Chlorella vulgaris and Chaetoceros calcitrans, for example, 
take up Se(IV) preferentially over Se(VI). Some of the organoselenium 
compounds produced by these algae are not incorporated into cellular proteins 
but are extruded into the culture medium (Hu et al., 1997). Chlorella also takes 
up SeMet; and its incorporation is antagonized by Met (Shrift, 1954a,b). 
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FIG. 2 Production of dimethylselenide (DMSe) from SeMet in plants via dimethylse- 
lenoniopropionate (DMSeP), adapted after Terry et al. (2000). 


Spirulina incorporates Se when grown in Se-containing media. The resulting 
Se-rich spirulina contained the majority of the Se in the form of SeMet in two 
selenoproteins of 20—30 and 80 kDa. However, compared to the free SeMet 
and selenite, spirulina Se was less effective in restoring tissue Se levels and 
glutathione peroxidase (GSH-Px) activities (Cases et al., 2001). The growth of 
spirulina in media containing 70—80 mg Se/l as SeO, was affected by the S:Se 
ratio and optimal at S : Se — 3 : 1. The Se content of biomass was 390 mg/kg 
at the Se concentration of 80 mg/l (as SeO;) and the lowest sulfur concentration 
of 28 mg/l (Gradova et al., 2001). 


C. YEAST 


S. cerevisiae converts inorganic Se to SeMet and incorporates it into the 
cellular protein in place of Met. The biosynthesis of SeMet proceeds via 
SeCys in analogy to that of Met, as was demonstrated in a study of a mutant 
strain of yeast requiring Met for growth due to a lack of homocysteine methyl 
transferase activity. When grown in Se-containing media, this strain produces 
SeCys, but no SeMet (Mason, 1994). While most of the SeCys is synthesized 
without involving Se-specific enzymes, recent studies indicate that some of 
the SeCys is also produced by a specific tRNA and incorporated into a 25 kDa 
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cytosolic protein. This protein migrates with the same velocity as the GSH-Px 
subunit isolated from rat liver and exhibits GSH-Px activity (Kyriakopoulos 
et al., 1998). With currently available strains of S. cerevisiae, Se contents of 
up to 3000 ppm can be reached, at which level approximately half of the 
normally present cellular Met is replaced by SeMet. Commercial Se yeasts 
typically contain from 500 to 2000 ppm Se (Korhola et al., 1986; Schrauzer, 
1998a,b; Demirci et al., 1999; Suhajda et al., 2000). The Se is present 
predominantly (94 + 5%) in the form of protein-bound SeMet (Schrauzer, 
1998a,b). Other Se compounds include, in percentage of total Se: SeCys 
(0.5%), selenocystathionine (0.5%), methylselenocysteine (0.5%), y-gluta- 
myl-SeMethylselenocysteine (0.5%), Se-adenosyl-selenohomocysteine 
(2—5%) and inorganic Se (1%) (Schrauzer, 2000), bringing the Se balance 
in terms of identified Se compounds to 100 + 5%. Previously reported SeMet 
contents of Se yeast were usually lower, largely, however, because of 
analytical problems and not because of differences in the actual SeMet 
contents. Lower than actual SeMet contents may result because of incomplete 
yeast protein hydrolysis and losses of SeMet due to hydrolysis and oxidation 
during sample digestion. The publication of these data led some authors to 
suspect that Se yeast was an unpredictable source of SeMet and was poorly 
characterized. Because Se yeast was used as a source of supplemental Se in 
the cancer prevention trial by Clark et al. (1996), the results of this trial were 
also called into question (Ip, 1998; Whanger, 2002). Analyses of water 
extracts of Se yeast (Bird et al., 1997a,b) were initially interpreted similarly to 
suggest that the Se yeast contained only about 23% of the total Se in the form 
of SeMet, along with more than 20 unidentified Se-compounds (Ip, 1998; 
Whanger, 2002). However, water extracts of Se yeast analyzed contain only a 
fraction of the total Se (less than 10%), as most of the SeMet in Se yeast is 
protein-bound and insoluble in water. Accordingly, these results do not reflect 
the composition of Se yeast as a whole. Korhola et al. (1986) previously 
reported Se yeast to contain 5096 of the total Se in the form of SeMet. 
However, even though the yeast in this study was hydrolyzed with acid under 
relatively vigorous conditions, the presence of unidentified Se-containing 
peaks in the chromatograms indicates that protein hydrolysis was incomplete. 
Beilstein and Whanger (1986) hydrolyzed Se yeast in 6N HCI in an inert 
atmosphere and achieved SeMet recoveries of 55-85%. Assuming an 
average recovery of 70%, they calculated the SeMet content of Se yeast to 
93% of the total Se present, in agreement with the result of Schrauzer (19982, 
b), who used performic acid for protein hydrolysis followed by the reduction 
of oxidized SeMet back to SeMet (see Section IIT). Oxidation of SeMet may 
occur during the enzymatic hydrolysis of Se yeast and may lower the SeMet 
recoveries. Thus, HPLC analysis of Se yeast after digestion with B- 
glucosidase revealed SeMet and what appeared to be SeMet oxide as the two 
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major Se compounds present (Larsen et al., 2001). After Se yeast protein 
digestion with Protease XIV (Sigma, St. Louis), SeMet contents (85% of total 
Se) were obtained (Ip et al., 2000). While Se yeast is generally a reliable 
source of SeMet, a cautionary note is necessary inasmuch as ‘inorganic’ Se 
yeast preparations containing only selenite or selenate are also marketed, 
often under the same name. The need for distinguishing between the two 
types has been emphasized (Schrauzer and McGinness, 1979; Góssler et al., 
1999; Schrauzer, 2001). 


VI. SELENOMETHIONINE-CONTAINING PROTEINS AND ENZYMES 


A. EFFECTS OF REPLACEMENT OF METHIONINE 
BY SELENOMETHIONINE 


The replacement of Met by SeMet as a rule does not alter the protein 
structure, as evidenced from X-ray crystallographic studies of SeMet- 
substituted proteins. However, the presence of SeMet in place of Met may 
cause changes of contacts nearest to SeMet, altering the space group, as was 
recently demonstrated with oritidine 5'-monophosphate decarboxylase 
(Poulsen et al, 2001). Since the CH;-Se group of SeMet is more 
hydrophobic than the CH5-S-moiety of Met, the kinetic reactivity of some 
enzymes changes if the replacement occurs in the vicinity of the active site. 
The SeMet-substituted thymidylate synthase of E. coli, for example, 
exhibited a 40% higher specific activity than the normal enzyme (Boles 
et al, 1991). The SeMet-substituted phosphomannose isomerase from 
C. albicans, which normally contains four Met residues in the vicinity of 
the active site, had a four-fold higher Ky and a similarly increased inhibition 
constant for zinc ion, suggesting interference of substrate access due to the 
SeMet (Bernard et al., 1995). In B-galactosidase of E. coli, replacement of 
more than half of the 150 Met residues by SeMet resulted in inactivity of this 
enzyme (Huber and Criddle, 1967). Compared to the normal enzyme, the 
thermal stability of the SeMet-substituted thymidylate synthase of E. coli 
was lowered eight-fold and its sensitivity to dissolved oxygen was 
significantly enhanced (Boles et al., 1991). 

The excessive replacement of Met by SeMet lowers the protein stability 
in vitro, but not necessarily in vivo. At the low levels of SeMet normally 
present in culture media, the substitution of Met by the more oxygen-sensitive 
SeMet is unlikely to affect the properties of enzymes in an adverse manner. 
Moreover, since methionine selenoxide is readily converted back to SeMet on 
reaction with biogenic thiols such as GSH, a mechanism of repair of this type 
of oxidative damage is available. The reversibility of SeMet oxidation in the 
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presence of GSH led to the suggestion that SeMet has the potential of being 
catalytically active as an antioxidant (Walter et al., 1973), specifically against 
peroxynitrite (Arteel ef al., 1999). Since SeMet has radioprotective properties 
in vitro (Shimazu and Tappel, 1964), its presence in proteins could also 
directly or indirectly increase the resistance of cells to high-energy radiation 
UV light in vivo. Topical SeMet protects against UV light induced skin 
damage and skin cancer in mice (Burke et al., 1992a,b). 


B. SELENOMETHIONINE IN ORGANS AND TISSUES 


In rats supplemented with Se in the form of sodium selenite, only SeCys, but 
no SeMet, was detected (Olson and Palmer, 1976). Since higher animals and 
man are unable to synthesize SeMet, any detectable amount in their organs 
and tissues must arise only from dietary sources. SeMet is incorporated into 
tissue proteins in place of Met (Martin and Hurlbut, 1976; Deagan et al., 
1987), especially in the skeletal muscles, the liver and the testes. The skeletal 
muscles are major Se-storage organs, accounting for about 46.9% of the total 
Se in the human body (Oster et al., 1988). Se contents of skeletal muscle from 
Japanese adults were the highest (1700 ng/g), followed by those of Canadians 
(370 ng/g) and Americans (240 ng/g). Low-Se values (61 ng/g) were 
observed in skeletal muscle of New Zealand adults, reflecting their generally 
low-Se (and SeMet) intakes. Since erythrocytes incorporate SeMet mainly 
into hemoglobin (Waschulewski and Sunde, 1988), and in plasma SeMet is 
found primarily in the albumin fraction, Se levels in human blood also reflect 
the dietary SeMet intakes. In two samples of blood from Chinese men 
residing in a low-Se region, SeMet contents of 28.3 and 53.4 ng/g were 
observed, corresponding to 20-30% of the total Se (Yang et al., 1997a,b). 
While the albumin of Chinese men with low-Se status contained 2046 of the 
total Se, this percentage increased to 47 + 5% in the albumin of men residing 
in a high-Se region. Their main dietary sources of SeMet were locally grown 
corn and rice and their average plasma Se level was 494 ng/ml (Beilstein 
et al., 1992; Whanger and Butler, 1994). The same plasma Se concentration 
within experimental error (517 + 84 ng/ml), and the identical percentage of 
plasma Se distribution, were observed in a study with Rhesus monkeys 
(Macaca mulatta) after they had been receiving 0.5 mg Se/l as SeMet in the 
drinking water during the first month, and 0.25 mg Se/l during the following 
11 months (Butler et al., 1990). In the livers, erythrocytes, hair and muscle of 
these animals, the Se concentrations were 3-, 5-, 7- and 11 times higher than 
in the corresponding organs of animals exposed to the equivalent amount of 
selenite Se. However, GSH-Px-activities in the plasma and in the erythrocytes 
were not different between the two treatment groups, re-affirming that SeMet 
is incorporated into protein to a higher extent than selenite. Similarly, in rats 
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fed a basal Se-deficient diet containing 2 ppm Se as SeMet, the level of Se in 
the muscle was 10 times that of the amount in rats receiving the equivalent 
amount of selenite or selenocysteine. In the liver, kidney and testes, the 
increase was 1.3—3.6-fold (Deagen et al., 1987). In another study (Shearer, 
1975), the muscle (thigh) of pregnant rats and of their pups contained 
approximately twice the amount of Se than the muscle of other animals when 
exposed to Se from the ninth day of pregnancy to the day of parturition to 
0.2 ppm of SeMet in the drinking water (with some additional ™Se—SeMet), 
than with the equivalent amount of selenite. The pup/mother ratio of Se 
contents of organs ranged mostly from 0.8 to 0.9, but was substantially higher 
for the teeth (molars: 7.71; incisors: 1.64) and bone (1.91). The high level of 
Se in the molars of the pups exposed to SeMet in uteri indicates that the 
incorporation of Se occurred endogenously during tooth development. In 
growing pigs, SeMet supplied in the form of Se yeast at the level of 0.3 ppm 
Se was about twice as effective as selenite in increasing the Se content of 
the loin muscle. SeMet in yeast also raised Se levels in porcine serum and 
liver significantly more than inorganic Se (Suomi and Alaviuhkola, 1992). 
Hair and fingernails of human subjects supplemented with SeMet con- 
tained a higher percentage of alkali-extractable Se than those receiving the 
same amount of Se in the form of selenate, indicating that SeMet is trans- 
ported, deposited and metabolized differently than selenate (Whanger and 
Butler, 1994). 


C. ORGAN DISTRIBUTION AFTER INJECTION 


Injected ^Se—SeMet produced high levels of radioactivity in the pancreas, the 
liver, the kidneys, in the stomach and the gastrointestinal mucosa. Lower but 
significant activities were observed in the salivary gland, the seminal vesicles, 
the mammary glands and bone marrow; the distribution pattern was similar to 
that observed with *°S-methionine and ""C-phenylalanine (Hansson and 
Jacobsson, 1966), indicating that SeMet is incorporated into organs with high 
rates of protein synthesis. Injection of the same amount of 75Se in the forms of 
selenate or selenite resulted in much lower radioactivities in the respective 
organs as inorganic Se is converted only to SeCys in specific selenoproteins 
and is not incorporated into protein in place of Cys. The disappearance of 
intraperitoneally injected SeMet Se in tissues was slower than that of Se 
injected as selenite or selenate, especially from the brain. For example, in rats, 
™Se from "Se-sodium selenite disappeared from the cerebellum, the cerebral 
hemisphere, and the spinal cord very rapidly, 7096 within 48 h, followed by a 
slower phase. The 1;;; of Se disappearance was about 12 days for the 
cerebellum and the cerebral hemisphere, and 13 days from the spinal cord. 
Of an equivalent dose of ^Se-SeMet, 20-30% disappeared during the first 
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48 h, the remainder with a t12 of 25 +4 days from cerebellum and the 
cerebral hemisphere, and 29 + 4 days from the spinal cord (Grgnbaek and 
Thorlacius-Ussing, 1992). The high affinity of SeMet for the brain was also 
Observed in rats after oral administration, suggesting that SeMet behaves like 
an active form of Se for incorporation in brain tissue. Selenomethionine was 
thus judged to serve as a better chemical form for Se-supplementation than 
either selenite or selenate (Wang et al., 1992). 


D. UPTAKE, RETENTION AND EXCRETION 


Ingested SeMet is absorbed in the small intestine. The absorption occurs via 
the Na*-dependent neutral amino acid transport system; and Met and other 
amino acids mutually inhibit SeMet absorption (Wolffram et al., 1989; 
Vendeland et al., 1994). The whole-body turnover rate of SeMet is slower 
than that of selenite-Se, indicating that the SeMet is incorporated into a long- 
term body pool. The reported average whole-body half-lives of SeMet and 
selenite in humans are 252 and 102 days, respectively, indicating that SeMet 
is extensively utilized and re-utilized (Patterson et al., 1989; Swanson et al., 
1991). Ina study with New Zealand women with low-Se status (Griffiths et al., 
1976), the intestinal absorption of a small oral dose of ^Se-SeMet of 
approximately 20 mCi containing «2 pg Se was 95.5-97.396. Approxi- 
mately, 396 of this dose was excreted with the urine during the first day and 
6-9% during the first 2 weeks. Urinary excretion of ™Se continued to 
decrease gradually and at 44 weeks of the trial was about 0.0896 dose/day. 
SeMet-Se was steadily incorporated into erythrocytes during a period of 
8—12 weeks, with some radioactivity still persisting at 36 weeks. Plasma Se 
reached a maximum 3—4 h after administration and about 4—8 h sooner than 
after the administration of an equivalent dose of selenite. The urinary 
excretion rate of selenite was approximately twice that of SeMet and the fecal 
excretion of selenite Se was also faster initially, reaching 1.3—1.7 96 of the 
dose in the first 14 days and dropping to less than 0.196 by weeks 10—19. 
After a single large oral dose of SeMet corresponding to 1 mg Se, 5—22% of 
dose was eliminated in 24 h in the urine and 3.546 in the feces. During the 
same period, 41—85% of the equivalent dose of selenite was excreted in the 
urine, and 11—13% with the feces. The total recovery of selenite reached 
82—95% of the ingested dose, and 26% for SeMet (Thomson et al., 1978). On 
continuing the supplementation for 11 weeks at 0.1 mg Se/day, SeMet caused 
a steady increase in blood Se from 0.08 to 0.18 ug Se/ml, the rate of increase 
being 0.009 ug Se/ml per week. The equivalent dose of selenite increased the 
blood Se more slowly until a plateau was reached after 7-8 weeks at 
0.11 ug/ml. SeMet increased plasma Se more rapidly than erythrocyte Se, 
from 0.073 to 0.13 ug/ml, causing plasma Se to reach a higher concentration 
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than erythrocyte Se during the first two weeks of supplementation (Robinson 
et al., 1978). SeMet is incorporated nonspecifically into albumin and becomes 
a part of the methionine pool (Burk et al., 2001). Although the rates at which 
steady-state conditions are reached vary for different organs, protein turnover 
prevents accumulation of SeMet to toxic levels in the organism, causing 
blood Se levels to be linearly dependent on dietary Se intake over a wide 
range of intakes (Schrauzer and White, 1978; Yang et al., 19892). Similarly, 
hair, toenail and fingernail Se levels are proportional to the (long-term 
average) dietary Se intakes (Yang et al., 1989a,b). 


Vil. METABOLISM OF SELENOMETHIONINE 


A. ENZYMATIC DEGRADATION 


SeMet is metabolized along with Met by the same enzymes and at similar 
rates until SeCys is formed. SeMet metabolism is rapid, as evidenced from the 
similar rates of appearance and disappearance of reactive Se metabolites in rat 
serum after oral administration of SeMet or selenite (Wang et al., 1992). In 
contrast to Cys, which can be re-utilized for protein synthesis, SeCys is not 
appreciably incorporated into protein but further degraded in the liver to 
selenide. The latter is converted either to selenophosphate and used for the 
synthesis of SeCys-containing selenoproteins by specific tRNAs, or 
methylated to DMSe or the trimethylselenonium ion (TMSe) and excreted 
(Figure 3). Studies with rats and mice also demonstrated that SeMet is 
directly degraded by the action of a,y-lyases in the liver to methylselenol 
(CH3SeH), which is then converted to TMSe (Nakamuro et al., 1997; Okuno 
et al., 2001). The presence of the SeMet a,y-lyases in the liver suggests that 
these serve primarily for SeMet detoxification. The adenoviral introduction of 
a bacterial o,y-lyase gene to achieve this mode of SeMet degradation in 
tumor cells has been suggested as an approach to cancer gene therapy into 
tumor (Miki et al., 2001). 

Glutamine transaminase from bovine liver, one of the enzymes involved in 
methionine catabolism, utilizes SeMet as well as methionine (Blazon et al., 
1994). However, with some enzymes, differences in the reaction rates for 
SeMet and Met have been observed. For example, SeMet is a better substrate 
than Met for the a,y-elimination by L-methionine y-lyase of Pseudomonas 
putida (Esaki et al., 1979). The adenosyltransferase from rat liver reacts with 
L(+)-SeMet at 51% of the rate with L(+ )-Met, and with the corresponding 
D(— ) isomers at only 13 and 10% of the rate of L-Met (Pan and Tarver, 1967). 
The adenosyl transferase from yeast, on the other hand, is more active with 
SeMet than with Met (Mudd and Cantoni, 1957). This enzyme produces the 
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adenosyl derivative of Met with low stereoselectivity due to the isomerization 
of Met during the incubation, while the corresponding formation of the Se- 
derivative occurs with >99% stereoselectivity (Uzar and Michaelis, 1994). 
SeMet neither blocks the metabolism of Met, nor the synthesis of DNA, RNA, 
or of proteins when added to the culture medium. Low SeMet levels (10 uM) 
replace Met and support cell growth in the absence of Met (Kajander et al., 
1991). In studies with human lymphoblast cells from subjects with trans- 
sulfuration defects, SeMet was poorly metabolized, as evidenced by the 
significantly higher levels required to induce GSH-Px activity, although these 
cells utilized selenite and selenocystine as well as normal cells (Beilstein and 
Whanger, 1992). 


B. UTILIZATION FOR GLUTATHIONE PEROXIDASE SYNTHESIS 


Glutathione peroxidases (GSH-Px) are enzymes catalyzing the reduction of 
hydrogen peroxide to water, and of lipid hydroperoxides to alcohols, with 
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GSH as the reductant. As GSH-Px was the first selenoenzyme to become 
known (Rotruck et al., 1973), quantitative assessments of the bioavail- 
abilities of different chemical forms of Se were initially based almost 
exclusively on the determination of the minimum amount of the Se 
compound required for the induction of GSH-Px in serum, erythrocytes, or 
liver. In interpreting the results of such determinations, it must be 
considered that they depend on the experimental conditions, the test animal 
and the diets chosen. In rats, for example, SeMet was as active as selenite 
in protecting against the development of liver necrosis. In chicks, SeMet 
was four times more active than selenite in protecting against pancreatic 
fibrosis, but was less effective than selenite in the prevention of exudative 
diathesis (Cantor et al., 1975a; Mutanen, 1986). While liver GSH-Px 
activities induced by SeMet were slightly lower relative to selenite in the 
above-mentioned experiments, they were the same in the livers of nursing 
rat dams maintained on a low-Se diet to which 0.15 wg Se/g was added as 
either SeMet or as sodium selenite, and higher in the livers, kidneys and 
eyes of 14-day-old nursing pups from SeMet-supplemented dams than in 
pups of the same age from dams receiving Se as selenite. GSH-Px 
activities in the hearts were the same in both groups (Lane ef al., 1991). In 
Se-deficient heifers, supplementation with SeMet or Se yeast almost 
doubled the GSH-Px activity as compared to the equivalent amount of 
inorganic Se (Pehrson et al., 1989). When 75$e—SeMet was fed to ewes, 
the milk produced contained more Se available to the pre-ruminant lamb 
than milk from ewes receiving the equivalent amount of "Se in the form 
of selenite (Jenkins and Hidiroglou, 1971). The release of SeMet from 
body proteins during Se depletion causes SeMet-supplemented animals to 
maintain higher activities of selenoenzymes for longer periods than in 
animals supplemented with selenite. Thus, in SeMet- or Se yeast- 
supplemented mice, liver GSH-Px activities declined more slowly during 
the 7th to the 11th week of Se depletion than in mice that had previously 
received the equivalent amount of Se as sodium selenite (Spallholz and 
Rafferty, 1987). In nursing mothers, SeMet supplied as such or in Se yeast 
prevented the decline of plasma Se and GSH-Px activity, as well as the 
decline of Se in milk during lactation. In addition, significantly more Se 
appeared in the milk of mothers receiving SeMet than selenite (McGuire 
et al., 1993; Alaejos and Romero, 1995). SeMet was detected in human 
milk (Michalke and Schramel, 1997). 


C. FACTORS INFLUENCING TISSUE DEPOSITION AND BIOAVAILABILITY 


In the living organism’ structural and functional proteins are continuously 
synthesized and degraded within hours to days (Mitch and Goldberg, 1996). 
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In general, functional proteins and enzymes have higher turnover rates than 
structural proteins. The protein turnover rates are also dependent on age and 
are the highest during early development. Protein synthesis and degradation 
occur in separate compartments. Proteins are synthesized in the RNA-rich 
ribosomes, while the degradation of structural proteins occurs notably in 
pathological states such as starvation or following injury involving lysosome- 
localized proteases such as the cathepsins. Since some cells lack lysosomes 
and some structural proteins are too large to be internalized, additional means 
of degradation are available, which include cytosolic proteases such as the 
calpains and those in organelles, called proteasomes (Klasing, 1998). During 
stress, the activity of proteasomes increases to provide amino acids needed for 
the formation of immune defense cells and enzymes, including the Se- 
dependent GSH-Px and the thioredoxin reductases. During such times food 
intake is reduced, requiring reserves of amino acids and minerals to be 
utilized to a higher degree than in health or under stress-free conditions. It is 
at this point that the presence of SeMet in proteins becomes especially 
important since the SeMet released during protein catabolism provides a 
source of Se needed for the synthesis of GSH-Px and other selenoenzymes 
(Figure 4). The SeMet in the free amino acid pool is either incorporated into 
body proteins or degraded (Figure 4). Whereas the incorporation of SeMet 
into proteins is reversible, allowing SeMet to be re-used, its degradation is 
irreversible. The incorporation of SeMet into proteins and its degradation are 
dependent on the Met content of the diet. In one study, the Se-contents of 
muscle and erythrocytes of Met-deficient, SeMet-supplemented rats were 
shown to be significantly higher than those in SeMet-supplemented, Met- 
adequate animals (Sunde et al., 1981). In another study (Butler et al., 1989), a 
direct correlation was observed between the dietary Met and the percentage of 
Se associated with GSH-Px. In adult Chinese men with low-Se status with 
adequate but presumably limiting dietary Met intakes, supplemental Met 
increased the RBC GSH-Px activity (Luo et al., 1987), indicating that less 
SeMet was deposited in protein, increasing the amount of Se available for 
GSH-Px synthesis. 

On supplementing SeMet, GSH-Px activities reach a maximum value and 
then plateau, while tissue Se levels continue to rise in proportion to the dosage 
(Deagen et al., 1987). The release of Se from SeMet also depends on vitamin 
Bg status. In rats maintained on a feed supplemented with 0.25 mg Se/kg of 
diet in the form of SeMet, GSH-Px activities in erythrocytes, muscle and heart 
were lower in vitamin Be-deficient than in vitamin Bg-supplemented animals 
(Yin et al., 1996). Vitamin Bg also significantly reduced lipid peroxide 
contents in tissues. These results indicate that dietary vitamin Bg is involved 
in the metabolic breakdown of SeMet. 
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FIG. 4 Protein turnover releases stored selenomethionine (SeMet) to the free amino acid 
pool (Gly — glycine, Glu — glutamic acid, Ala — alanine). Adapted from Jacques, 2001. 


D. SELENOMETHIONINE AND IMMUNE CELL FUNCTION 


Selenium is well-known to be required for the maintenance of the functions of 
the immune system (McKenzie et al., 2001). The immunomodulatory effects 
of Se depend on dosage and chemical form of Se administered. However, the 
required dosages of Se tend to be higher than the estimated minimum dietary 
requirements. In previous studies, supplementation of Se-replete subjects 
with 200 ug Se/day as sodium selenite resulted in increased T-lymphocyte 
proliferation and activity (Roy et al., 1994). In gut failure patients on home 
parenteral nutrition, a daily parenteral dose of 200 wg Se in the form of 
L-SeMet elicited a significant increase of the antibody production against 
common mitogens (PWM and PHA) (Peretz et al., 1994). There is also 
evidence that cells of the immune system discriminate between the different 
chemical forms of Se. Addition of SeMet to the medium of lymphocyte 
cultures, for example, produced no signs of cytotoxicity and increased the 
immunoglobulin G (IgG) production at levels of 0.5—2 uM, while selenite at 
equivalent concentrations decreased IgG production and exerted cytotoxic 
effects (Borella et al., 1995). L-SeMet and sodium selenite also differ in 
their relative effectiveness in modulating GSH-Px activities of blood cells, as 
evidenced in a recent study with 45 healthy men and women from the UK 
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(Brown et al., 2000). The enzyme activities measured include GSH-Px1, the 
cytosolic glutathione peroxidase; GSH-Px3, the extracellular glutathione 
peroxidase, and GSH-Px4, the phospholipid hydroperoxide GSH-Px. At a 
daily dose of 50 wg Se as SeMet, lymphocyte GSH-Px1 activities increased 
during the first two weeks of supplementation to an approximately 20% 
higher level than with the equivalent dose of selenite. The platelet GSH-Px1 
activity also increased during the first two weeks of supplementation and 
more so with SeMet than with selenite, while no significant changes occurred 
in the placebo group. During the remaining two weeks of supplementation no 
further changes occurred in the SeMet and selenite groups, while a decline of 
the GSH-Px1 activities occurred in the placebo group. The granulocyte 
GSH-Px1 activity declined during the first 7 days of supplementation in the 
SeMet group, but subsequently increased during the following three weeks. 
In the selenite group, the granulocyte GSH-Px1 activities increased during the 
first week, declined to nearly the baseline value in the second week, only to 
increase again to the value measured after the first week in the following two 
weeks. The lymphocyte GSH-Px4 activities increased in the selenite- 
supplemented group during the first week of supplementation, and then 
declined during the following three weeks. In the SeMet-supplemented 
group, the lymphocyte GSH-Px4 activities increased slightly during the first 
week, declined during the second week, but after four weeks of 
supplementation, reached its maximum value. The granulocyte GSH-Px4 
activities in the selenite group were also increased after the first week, 
lowered after the second, and increased again after the fourth week. With 
SeMet, the granulocyte GSH-Px4 activities increased during the first two 
weeks of supplementation and subsequently remained constant. Platelet 
GSH-Px4 activities increased in the selenite group during the first two weeks 
and subsequently declined. However, in the SeMet group, they remained 
essentially unchanged throughout the four weeks of supplementation. 
This was interpreted to suggest that immune cells take up and metabolize 
selenite-Se more rapidly than SeMet, and that the conversion of SeMet into 
reactive inorganic forms of Se may be an important regulator of Se 
bioavailability. The authors, furthermore, noted that the SeMet supplemen- 
tation failed to increase plasma and erythrocyte GSH-Px activities in half of 
their subjects, which they attributed to possibly deficient dietary intakes of 
Met (Brown et al., 2000). 


VIII. SELENOMETHIONINE IN HUMAN SE SUPPLEMENTATION 


The Se in SeMet was shown in numerous studies to be as bioavailable as 
naturally occuring nutritional sources of Se, and superior to inorganic Se in 
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improving the Se status of humans during lactation, in pregnancy and in 
infant nutrition (Schrauzer and White, 1978; Levander et al., 1983; 
Kumpulainen et al., 1985; Beilstein and Whanger, 1986; Korhola et al., 
1986; Spallholz and Rafferty, 1987; Vinson and Bose, 1987; Yang et al., 
1989a,b; McGuire et al., 1993). Se yeast was used as the source of food-form 
Se in several human cancer prevention trials (Yu et al., 1988; Clark et al., 
1996). The Clark study (Clark et al., 1996) is especially relevant as it involved 
a daily administration of 200 wg of Se as Se yeast over a period of up to 7 
years to conservatively treated nonmelanoma cancer patients. Whereas the 
Se-supplementation had no effect on skin cancer recurrence, it significantly 
reduced the incidences of cancers of prostate, lung, colon and rectum. At the 
dosage chosen, Se yeast was well tolerated. Mean serum Se levels at the 
steady state reached 190 + 50 ug/l and did not result in accumulation to 
toxic levels. In a Chinese study (Yu ef al., 1988), a daily supplement of 
200 wg Se as Se yeast provided to subjects at risk of developing primary liver 
cancer caused a substantial decline of liver cancer incidence within a year. 
Recently, synthetic SeMet was chosen as the source of Se in SELECT, the 
largest (prostate) cancer prevention study ever to be conducted (Klein ef al., 
2001). Se yeast and SeMet were also tested in a number of small 
observational studies. In HIV-infected patients, supplemental SeMet (in 
yeast) produced symptomatic improvements (Olmsted ef al., 1988). Several 
studies are presently underway to further explore the effect of supplemental 
Se in HIV-infected patients (Baum et al., 2001). 


IX. SE YEAST AS AN ANIMAL FEED SUPPLEMENT 


A. DAIRY COWS 


Se yeast was shown to be superior to inorganic Se in improving the Se status 
of farm animals (Power, 1994; Lyons and Oldfield, 1996; Mahan and Kim, 
1996; Hemken and Jacques, 1998; Ortman and Pehrson, 1999; Pavlata et al., 
2001). Since SeMet is synthesized by rumen bacteria from inorganic sources 
of Se (Hidiroglou et al., 1968), selenite or selenate should improve the Se 
status of cattle equally as well as supplemental SeMet. However, the bacterial 
SeMet synthesis in the rumen is apparently either inefficient or the SeMet 
incorporated in the bacterial protein is poorly absorbed since, in dairy cows, 
SeMet supplied in yeast was more effective in increasing the concentration of 
Se in milk than added sodium selenite or -selenate. At feed Se contents of 
0.21—0.31 mg/kg DM, milk Se reached 31.2 ug/l in the Se yeast group, but 
only 16.4 ug/l in the selenite and selenate groups (Ortman and Pehrson, 
1999). Supplementation of dairy cows with Se yeast and vitamin E also 
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affected milk production, increasing it by 13.896 (Zemanova et al., 2000). 
Previously, Conrad and Moxon (1979) showed that lactating cows transferred 
19.896 of the Se in brewer's grains into the milk but only less than 4.896 of the 
Se supplied as selenite. Supplementation of nursing cows with Se yeast also 
improved the Se status of the calves more so than the equivalent amount of 
selenite (Mahan and Kim, 1996; Pehrson et al., 1999), and improved the 
performance and meat quality in feedlot steers (Clyburn et al., 2001). 

Note added with proof: On Sept. 3, 2003, the selenium yeast product 
"Sel-Plex" (Alltech) was approved by the U.S. Food and Drug Administration 
as a source of selenium for beef and dairy cattle. See: Federal Register 68, 
No. 170. 


B. PIGS 


Addition of Se yeast to sow feed at 0.9 mg Se/sow/day starting three days pre- 
partum increased the milk Se concentration 10-fold compared to controls 
(0.421 versus 0.046 mg Se/l). In 7-day-old piglets, the mean blood Se 
concentration was almost five times higher than in controls (0.221 versus 
0.046 mg Se/l). In the experimental group, the weight gain of the piglets was 
higher and their mortality lower than in the controls. The Se yeast supplement 
also influenced the conception rate size and weight of the next litter (Kolacz 
et al., 2001). Increasing the organic Se content of sow feed also has a vitamin E- 
sparing effect. Supplemental Se (0.2 ppm) in the form of Se yeast and vitamin E 
(20 IU) as DL-a-tocopherol acetate improved the litter size of sows; it also 
increased the number of piglets born alive compared to sows in the control 
group maintained on a diet with a Se content of only 0.1 ppm and a vitamin E 
content of 37 IU (Chen et al., 2001). Se yeast (Sel-Plex ^") fed to pigs at the 
FDA-approved dietary concentration of 0.3 ppm Se, alone or in combination 
with vitamin E (200 ppm) for 60 days prior to slaughter, decreased the 
metmyoglobin formation, especially in the psoas major muscle. In addition, the 
level of thiobarbituric acid-reactive substances in psoas major muscle was 
reduced after 7 days of carcass cool storage. A positive effect of Se plus vitamin 
E was also seen with respect to malondialdehyde formation in homogenates 
of longissimus dorsi muscle sampled after slaughter (Krska et al., 2000). 


C. POULTRY 


SeMet as the source of Se restored appetite and liver GSH-Px activity in Se- 
deficient chicks more rapidly than selenite (Bunk and Combs, 1980) and was 
especially effective against pancreatic fibrosis (Cantor et al., 1975b,c). In 
broiler chickens, Se yeast as the source of Se improved feathering rate in 
slow-feathering animals as compared to animals fed selenite or no Se. The Se 
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yeast also increased body weights and yields of leg and thigh meat and 
improved the efficiency of feed conversion. In addition, SeMet in yeast 
increased the stability of erythrocyte membranes, suggesting that this is the 
mechanism by which moisture retention is increased in the breast muscle from 
male broilers. Organic Se supplementation also improved the meat quality of 
broiler males and reduced drip loss from breast meat, while selenite Se 
appeared to increase drip loss. Furthermore broilers receiving yeast Se showed 
diminished levels of heat shock protein 70 (HSP 70) following challenge by 
enteropathogenic E. coli, or by acute heat stress (Edens, 2001). In June 2000, 
Se yeast (Sel-Plex ^") was approved for broiler production in the United States 
(Anon, 2000) and approvals for other species are pending (Edens, 2001). 
Organic Se from yeast (Sel-Plex™) is readily transferred into the egg and is 
incorporated predominantly in egg albumin, while the Se from selenite and 
selenocysteine is deposited preferentially in the yolk (Latshaw and Osman, 
1975; Latshaw and Biggert, 1981). Selenium supplementation has a sparing 
effect on vitamin E, causing the yolks of Se-supplemented hens to have 
significantly higher vitamin E contents (Surai, 2000), up to 27 mg per large 
egg compared to 0.70 mg in a regular egg (Slaugh, 2002). ‘Designer eggs’ 
with a high content of omega-3 fatty acids, obtained by feeding hens a 2% flax 
ration, require a higher vitamin E content than regular eggs to prevent the 
oxidation of the acids. Supplementing the diet of the layer hens with Se yeast 
(Sel-Plex™) prevented the oxidation of the omega-3 fatty acids and the loss of 
vitamin E of the eggs during a two-week storage period significantly more 
than the equivalent amount of Se as selenite. Supplementation of the feed with 
Se yeast also increased the duration of freshness of the eggs on storage 
(Wakebe, 1998). Addition of Se to the feed at the level of 0.3 ppm increased 
the albumin content of the eggs. Since SeMet is preferentially incorporated 
into albumin this may explain why the eggs from Se yeast-supplemented hens 
maintained better albumin quality on storage (Slaugh, 2002). 


X. TOXICITY OF SELENOMETHIONINE 


A. STORAGE AND HANDLING INSTRUCTIONS 


Note: Instructions were compiled from current Material Safety Data Sheets; 
for information only, not purported to be all-inclusive and to be used only asa 
guide. 

SeMet is classified as a very toxic substance. It should be stored in 
closed containers below 4°C in the freezer. SeMet should only be handled in a 
well-ventilated hood with rubber gloves, protective goggles and facial mask. 
To reduce the risk of accidental poisoning in the food and feed industry, pre- 
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mixes of SeMet rather than the pure substance should be used. First aid 
measures include immediately flushing the eyes with plenty of water for at least 
15 min, occasionally lifting the upper and lower lids. Skin should be flushed 
with plenty of soap and water for at least 15 min while removing contaminated 
clothing and shoes. Upon accidental ingestion, do not induce vomiting. Allow 
the victim to rinse his mouth and then to drink 2—4 cupfuls of water and seek 
medical advice. On inhalation, remove victim from exposure to fresh air 
immediately. Exposure limits (NIOSH and OSHA), as Se: 0.2 mg/m?. 


B. ACUTE TOXICITY 


As no human case of SeMet poisoning has been reported, all acute toxicity 
data for SeMet are derived from studies with animals. In general, the acute 
response to SeMet was delayed and not as severe as observed with selenite. 
Whereas sodium selenite, at 3.0 mg Se/kg, caused fatal selenium toxicosis in 
swine 2.5 h after intravenous injection, the equivalent amount of Se as SeMet 
was fatal after 14 h, with both compounds producing pulmonary edema as the 
main lesion (Herigstad et al., 1973). The liver and kidney Se concentrations 
as determined by these authors reached 10.2 and 7.28 ppm in the animals 
injected with selenite, 11.3 and 10.8 ppm, in the animals given SeMet. The 
same authors showed that young pigs fed diets containing 60, 120 and 
600 ppm of organic Se (SeMet) developed symptoms of acute toxicity after 
125, 140 and 38 h on these feeds with a total of 49, 44 and 33 mg of Se being 
consumed. Liver Se levels reached 17.95, 34.5 and 27.4 ppm while kidney Se 
levels, 13,7, 11.1 and 12.8 ppm, respectively. 

In rats, the LDso of SeMet on intraperitoneal injection is 4.25 mg Se/kg 
body wt (Klug et al., 1949). In mice, the LDso of SeMet on intravenous and 
intracervical injection was determined to be 8.86 + 1.38 and 5.24 + 
0.23 mg Se/kg, whereas the corresponding LDso of sodium selenite was 
much lower, 2.28 + 0.28 and 0.13 + 0.04 mg Se/kg, respectively (Ammar 
and Couri, 1981). 


C. CHRONIC TOXICITY 


The chronic toxicity of SeMet is lower than that of sodium selenite, 
presumably because its incorporation into tissue proteins removes a portion 
from the circulatory system. The diminished toxicity of SeMet at dietary Se 
levels exceeding 5 ppm as compared to selenite was apparent in pigs in the 
grower- finisher period (Kim and Mahan, 20012). In mature pigs, 5 ppm of Se 
as selenite as well as organic Se (SeMet in yeast) elicited similar toxic effects. 
However, in animals under conditions of high protein turnover such as during 
pregnancy, SeMet stored in tissues may re-enter circulation, resulting in 
increased toxicity as compared to selenite. High levels of organic Se also 
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affected gestation and parturition performance of sows more than the 
equivalent amount of Se as selenite. Especially at levels of — 7 ppm Se, fewer 
piglets were born and pig weights at parturition and weaning were lower from 
sows fed organic Se than sodium selenite. This was attributed to the increased 
tissue turnover from the organic Se source (Kim and Mahan, 2001b). In 
addition, diminished placental transfer of inorganic as compared to organic 
Se could have been responsible, as evidenced by the lower tissue Se 
concentrations in the piglets from sows fed selenite compared to those sows 
fed SeMet. Nursing piglets from sows fed toxic levels of SeMet are at a 
further disadvantage compared to those from sows fed selenite due to the 
higher Se content of the milk from sows fed organic Se. In pigs fed SeMet as 
in Sel-Plex Se yeast, the higher Se content was evident already at the 0.3 ppm 
level. At the chronically toxic level of 7 ppm, the milk on day 14 reached 
4.14 ppm compared to 0.76 ppm in the milk of animals receiving 7 ppm Se as 
sodium selenite. The greater deposition of SeMet into the organs of animals 
fed organic Se was evident at all levels between 0.3 and 10 ppm, and was 
particularly pronounced in the loin: at 10 ppm of SeMet Se in the feed, its Se 
content reached 5.33 ppm, compared to 0.23 ppm in the animals on selenite, 
corresponding to a factor of 23. Hair and hoofs of the animals fed SeMet 
contained 3.7 and 6.13 times more Se than of the animals on selenite, livers 
and kidneys 2—3 times more (Kim and Mahan, 2001b). In female mice, the 
injection of SeMet at 2.0 mg Se/kg body wt induced a transient decrease of 
the number of circulating leukocytes, which was more extensive and of longer 
duration than with selenate. The agranulocyte/granulocyte ratio also 
increased to a lesser degree with SeMet than with selenate (Hogan, 1998). 
The chronic toxicity of SeMet is lower than that of selenite. Rats fed high 
levels of Se (16 ppm) as SeMet (selenium yeast) for 8 weeks showed no signs 
of Se toxicity, while the same amount of Se as sodium selenite produced 
severe hepatotoxity, cardiotoxicity and splenomegaly (Spallholz and 
Rafferty, 1987). SeMet on oral administration did not produce toxic effects 
in rats at 0.5 and 1.0 mg SeMet (0.2 and 0.4 mg Se)/kg body wt/day in a 13- 
week study (NCI, 1993). However, in the same study, weight loss, decreased 
food consumption, liver abnormalities and toxic hepatitis occurred at 2, 3 and 
4.5 mg SeMet (0.8, 1.2 and 1.8 mg Se)/kg body wt/day. Pancreatitis 
and atrophy or degeneration of pancreatic acini occurred at 0.8, 1.2 and 
1.8 mg Se/kg body wt/day. At 1.2 and 1.8 mg Se/kg body wt/day, bile duct 
hyperplasia, telangiectasis, hemorrhage, necrosis, inflammation, vacuolar 
changes and brown pigment in hepatocytes, increased extramedullary 
hematopoiesis in livers and spleen were seen at 3 and 4.5 mg/kg body 
weight/day. Female rats were more sensitive than males with all of 10 females 
dead during 13 weeks, but only 1 male dead at 3 mg SeMet/kg body wt/day 
(1.2 mg Se/kg/day). In beagle dogs, no toxic effects of oral SeMet were 
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observed at 0.1 and 0.3 mg SeMet (0.04 and 0.12 mg Se)/kg body wt/day. At 
1.0 mg SeMet (0.4 mg Se/kg body wt)/kg body wt/day, toxicity resulted in 
elevations of aspartate amino transferase (AST), glutamate pyruvate 
transaminase (GPT) and alanine amino transferase (ALT) activities; 
inflammation, telangiectasis, hemorrhage, vacuolar changes and brown 
pigment in hepatocytes, thymic atrophy, lymphocyte depletion in tonsils 
and intestine, gastrointestinal hemorrhage (NCI, 1993). 


D. TOXICITY AND BIOPOTENCY OF THE D- AND L-ISOMERS 


Additions of SeMet (D or L) at 6.25 mg/kg (corresponding to 2.5 mg Se/kg) 
over six weeks to the diet of rats produced no evidence of depressed growth or 
diminished survival. The same result was obtained with diets containing 
equivalent amounts of Se in the form of selenite or selenate (McAdam and 
Levander, 1987). However, severe growth depression and death of rats within 
29 days occurred at 26 mg of D- or L-SeMet (10 mg Se) per kg of diet, as well 
as with the corresponding amounts of Se as selenite or selenate. In rats, D- and 
L-SeMet exhibited the same chronic toxicities at 13 mg of SeMet (5 mg Se) 
per kg of diet. At this level, the two isomers produced the same concentrations 
of Se in skeletal muscle, heart, liver and erythrocytes. Only the plasma Se 
levels were lower in the animals receiving L-SeMet (McAdam and Levander, 
1987). Similarly, little difference in the retention of Se by liver and muscle 
tissue was seen when nutritional levels of D- or L-SeMet were fed to Se- 
depleted rats (McAdam and Levander, 1986). However, at the subtoxic level 
of 6.25 mg SeMet/kg diet, the Se concentrations were significantly higher in 
skeletal muscle, heart and liver in the animals receiving the D-isomer, 
indicating that the L-form is catabolized more rapidly under these conditions. 
Since adenosylation is the first step in the trans-sulfurization pathway of Met 
as well as of SeMet, this could cause the accumulation of D-SeMet in tissues 
and organs of species lacking an efficient mechanism of the conversion of D- 
Met into the L-form. In rats, which are known to utilize D-Met as well as L- 
Met, biopotency, acute toxicity and tissue retention of injected or dietary 
doses of both isomers of SeMet were about the same (McAdam et al., 1985; 
McAdam and Levander, 1986,1987). In other species, the L-isomer was better 
utilized and more toxic than the D-isomer. In mallard ducklings, for example, 
Se as L-SeMet at 30 ppm in the diet was significantly more toxic than DL- 
SeMet, but concentrations of Se in the livers were about the same (Heinz et al., 
1996; Hoffman et al., 1996). While normal mice metabolize both the isomers 
of SeMet equally well, more of the D-isomer was observed in the tumors of 
tumor-bearing mice. Within 48 h of administration, the in vivo uptake of D- 
SeMet was several times higher than that of the L-isomer in Ehrlich solid 
tumor, and in sarcoma 180 solid tumor. Since the uptake of both isomers was 
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about the same in the pancreas, this suggested the presence of a transport 
system specific for D-SeMet in tumor cells, in addition to a transport system 
common to both the D- and L- forms (Goto et al., 1987). Furthermore 
experiments with cultured murine and human lymphoid cells demonstrated 
that the cells of the immune system also discriminate between the two 
enantiomeric forms of SeMet. Thus, DL-SeMet was only about half as 
cytotoxic than L-SeMet, and only L-SeMet was found to be a good substrate 
for adenosylmethionine synthetase and was effectively metabolized by trans- 
methylation reactions and in polyamine synthesis. The differential responses 
of the normal cells to L- and D-SeMet are thus attributable primarily to the 
initial steps of SeMet metabolism, which involve stereospecific trans- 
sulfurization enzymes preferentially utilizing L-SeMet. Differences in the 
activity of trans-methylation enzymes may also affect the cytotoxicity and the 
invasiveness behavior of tumor cells. For example, while pre-incubation with 
selenite resulted in a dose-dependent decrease in the ability of HeLa or NIH 
OVCAR-3 cells to invade a layer of a re-constituted basement membrane 
preparation, indicating diminished invasiveness, SeMet had no such effect 
(Gong and Frenkel, 1994). 


E. MAXIMUM TOLERATED DOSE 


In a 30-day trial with long-tailed female Macaques (Macaca fascicularis) 
receiving 0—600 wg of L-SeMet/kg day by nasogastric intubation, SeMet was 
well tolerated until the second to third week of the study at which time two 
animals given 600 pg/kg day died. One animal from the 300 j.g/kg day group 
developed Se-induced hypothermia. Six animals in the 188 wg/kg day level 
or greater required supplements of fruit and Sustagen (Mead Johnson & Co, 
Evansville, IN), a powdered nutritional supplement for human consumption 
that is used to supply anorexic primates with necessary nutritional and caloric 
intake during periods when animals refuse their normal diet. With increasing 
SeMet dosage and duration of exposure, the incidence of anorexia, 
gastrointestinal distress, mucocutaneous toxicity, and frequency of reduced 
body temperature increased. A dose-dependent weight-loss was also 
observed. At the higher dosage, disturbances in the menstrual function 
were evident, and were accompanied by the absence of serum progesterone 
concentrations above 1.0 ng/ml, reduced luteal phase lengths, increased 
intermenstrual intervals, and lowered estrogen excretion. A “maximum 
tolerated dose" of 150 g/kg day of L-SeMet for 30 days was identified based 
on mean body weight reduction, hypothermia, dermatitis, xerosis, cheilitis, 
disturbances in menstruation, and the need of dietary intervention to prevent 
death at doses of 188 g/kg day or greater (Cukierski et al., 1989). The same 
highest tolerated dose of L-SeMet (150 ug/kg day) on nasogastric intubation 
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was established with pregnant long-tailed Macaques (Hawkes et al., 1992). In 
this study, the weight loss at a dosage of 300 wg Se/(kg day) of L-SeMet was 
three times greater than in the 150 ug Se/(kg day) group, and clear signs of Se 
toxicity (anorexia and vomiting) were apparent. The No-Effect Level was 
determined to the 375 wg SeMet/kg body wt day. At twice this dose, all 
animals developed anorexia, vomiting, and weight loss. Plasma Se levels 
increased in proportion to SeMet dosage only until day 21 and subsequently 
plateaued. Plasma GSH-Px activities increased in proportion to SeMet dosage 
and began to plateau after 20 days of administration. A steady state was 
reached at the two dosage levels when plasma Se concentrations had reached 
1.91 and 3.86 ug/ml, respectively. However, erythrocyte and hair Se levels 
continued to increase until day 30 and for about two weeks after cessation of 
supplementation. Erythrocyte GSH-Px levels increased in proportion up to 
the SeMet dosage of 150 pg/kg body wt/day. At the toxic level of 300 pg/ 
kg/day, erythrocyte GSH-Px activity was lower, and during the 30 days of 
dosing dropped to values only as high as in the 25 wg Se/kg body wt/day 
control group. However, in the 150- and 300 wg SeMet/kg body wt day 
animals, erythrocyte GSH-Px activity continued to increase for two weeks 
after cessation of supplementation, suggesting the release of SeMet from 
body storage organs. Erythrocyte Se, plasma Se and hair Se levels of 
2.3 ug/ml, >2.8 ug/ml and >27 ug/g, respectively, were associated with 
increased weight loss due to Se toxicity. These values for Se toxicity are 
consistent with the cutoff values for humans subsisting on a predominantly 
vegetarian diet, as determined in a Chinese study (Liu and Li, 1987). 


F. REFERENCE VALUES 


From observations of populations residing in high-Se regions and evidence 
from supplementation studies, a Reference Dose (RfD) for selenium has 
recently been set to 350 wg Se/day for humans of 70 kg body weight 
periods (Patterson and Levander, 1997). This value corresponds to 
5 pg Se/kg BW or five times the “Recommended Dietary Allowance" 
(RDA) for Se and represents the total intake of selenium from nutritional 
sources which are safe for indefinite periods, while still below the “maximal 
safe intake" of 450 wg/day, as defined by the British Committee on 
Medical Aspects of Food Policy (Department of Health, 1991). 
Another reference value is the “Tolerable Upper Intake Level,” UL, 
representing “the highest level of daily selenium intake that is likely to 
pose no risk or adverse health effects to almost all individuals in the 
general population." The UL for selenium was set at 400 wg/day for adult, 
corresponding to one half of the No-Observed-Adverse-Effect-Level 
(NOAEL) of 800 wg/day. Although neither the RfD nor the UL specify 
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the chemical form of Se, both may be assumed to apply primarily to 
SeMet, the major nutritional form of Se. The RfD and UL thus set a safe 
limit for nutritional Se supplementation. In the cancer prevention trial of 
Clark et al. (1996), for example, the supplementary dose of 200j.g Se/day, 
which consisted mainly of SeMet, increased the Se intakes of the study 
participants from 100—150 to 300—350 wg/day, causing the average plasma 
Se concentrations to increase, in 6—9 months, from 114 + 22 to 
190 + 50pg/l. Selenium intakes of 450 wg/day or more were reached by 
the study participants of a Chinese liver cancer chemoprevention trial and 
produced no adverse effects (Yu et al., 1988). In this study, supplementary 
Se at 400 wg Se/day was given, causing whole blood Se levels to reach 
0.386 ug/ml after one year of supplementation. The Observed-NOAEL was 
provisionally estimated to 750—850 ug/day, based largely on observations 
with Chinese subjects residing in the high-Se areas. At 850 wg Se per day, 
blood Se levels reach 1 ug/ml, blood GSH concentrations were diminished 
and prothrombin time was reduced, with more significant signs of Se 
toxicosis appearing in one subject at 880 wg Se/day (Yang et al., 1989a,b; 
Yang and Xia, 1995). However, in subjects from another area in China 
with Se intakes of 1457 + 554 pg/day, selenosis was seen only 
occasionally (Yang and Zhou, 1994). From these observations an “Adverse 
Effect Level" (AEL), or “Individual Toxic Level", for dietary Se, of 1595 
or 1600 g/day was derived. This level of intake “seems capable of 
causing the development of chronic overt toxic selenosis after long-term 
intake" (Yang and Zhou, 1994; Yang and Xia, 1995). Earlier studies on 
subjects residing in high-Se regions of the United States suggested that 
mild, reversible signs of Se toxicity occur after 2400—3000 wg of Se/day 
for many months (NRC, 1976), suggesting that Se toxicity is influenced by 
diet’ and particularly, the total protein intake; that high protein diets reduce 
Se toxicity is well known. Rats on a feed containing 3596 casein and 
35 ppm Se showed no signs of selenosis (Moxon and Rhian, 1943). The 
NOAELs and AELs for Se thus could be rendered more precise by relating 
them to the level of protein in the diet consumed. This could explain why 
adults receiving 1600 wg of nutritional Se per day for several months need 
not show overt signs of selenosis, while exhibiting blood Se levels of 
1.61 pg/ml. Although the concentrations of Se in whole blood, plasma, 
hair, nails and urine are linearly dependent on the dietary Se-intakes 
(Schrauzer and White, 1978; Yang et al., 19892), these linear relationships 
are obeyed only if Se is ingested predominantly in the form of SeMet. If 
the ingested Se is in an inorganic form, blood and hair Se levels become 
unreliable indices of exposure and hence for diagnosis of selenosis, nail 
changes are the most significant signs (Yang et al., 1989a,b). 
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XI. SELENIUM REQUIREMENTS AND RECOMMENDED DIETARY 
INTAKES 


In 1980 the "Estimated Safe and Adequate Daily dietary Intake" (ESADDI) 
for adults and children above the age of 7 years was set at 50—200 wg Se/day 
(Food and Nutrition Board, 1980). Subsequently, based on Se balance studies, 
proposed 80 wg/day for men and 55 wg/day for women as safe and adequate 
Se intakes, corresponding to 1 wg Se/kg BW/day. In 1989, the RDA for 
selenium was lowered to 70 g/day for adult men. This new intake 
recommendation was derived from the minimal amount of Se required for 
100% saturation of the plasma GSH-Px activity. For adult Chinese males of 
60 kg body weight, this amount had previously been determined to be 
40 ug/day (Yang et al., 1988). From this value, the RDA for North American 
males was calculated by taking into account their higher body weight (79 kg) 
and by increasing it further through multiplication with a safety factor. For 
adult women the RDA for selenium was maintained at 55 wg/day. For 
pregnant women, the RDA was set at 65 wg Se/day, for lactating women at 
75 wg Se/day, assuming an average body weight of 63 kg. 

In 1996, expert committees of the World Health Organization (WHO) 
derived basal and normative requirements for vitamins and minerals. The 
basal requirement was defined as “the intake needed to prevent pathologically 
relevant and clinically detectable signs of impaired functions attributable to 
inadequacy of the nutrient,” and the normative intake as “the level of intake 
that serves to maintain a level of tissue storage or other reserve that is judged 
by the Expert Consultation to be desirable" (WHO, 1996). For selenium, the 
basal Se requirement was derived from the minimal amount needed to protect 
against Keshan disease, and was set at 21 g/day for men and at 16 pg/day 
for women. The normative Se intakes were derived primarily under the 
assumption that two thirds of the maximum plasma GSH-Px activity affords 
sufficient antioxidant protection, corresponding to 40 and 30 wg/day for men 
and women, respectively. In the year 2000, the panel on dietary antioxidants 
and related compounds of the U.S. Food and Nutrition Board replaced the 
RDAs by "Dietary Reference Intakes" (DRIs), which for the most part 
numerically resembled the 1989 RDAs. All currently recommended Se 
intakes would be insufficient if selenium adequacy were assessed on 
immunological criteria such as antibody production or the cancer preventive 
effects of Se. In home-TPN patients receiving 50 wg Se per day, antibody 
production against common antigens was low compared to patients 
supplemented with 200 ug Se as SeMet (Peretz et al., 1991). Similarly, 
200 ug Se as SeMet in yeast was shown to be an effective dose of Se for 
cancer prevention, see Section F before. Obviously, all intake recommen- 
dations depend on the definitions used to derive them; they are not to be 
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considered final and must be re-evaluated and revised periodically. 
Specifically for Se, revisions of current intake recommendations are likely 
to be forthcoming in the light of rapidly advancing research and the growing 
recognition of its protective effects at supranutritional intakes. 


XII. SUMMARY AND CONCLUSIONS 


SeMet is a naturally occurring toxic amino acid but at the same time 
represents the major nutritional source of selenium for higher animals and 
humans. The ability of SeMet to be incorporated into the body proteins in 
place of Met furthermore provides a means of reversible Se storage in organs 
and tissues. This property is not shared by any other naturally occurring 
selenoamino acid and thus could be associated with a specific physiological 
function of SeMet. Since higher animals cannot synthesize SeMet, yet from it 
all needed forms of Se are produced, SeMet meets the criteria of an essential 
amino acid. Accordingly, SeMet, or enriched food sources thereof, are 
appropriate forms of Se for human nutritional Se supplementation. However, 
while SeMet or Se yeast are already widely used in over-the-counter 
nutritional supplements, infant formulas and parenteral feeding mixtures still 
contain Se in the form of sodium selenate or sodium selenite, even though 
these are not the normal nutritional forms of Se. In animal nutrition, these 
inorganic selenium salts are increasingly replaced by food sources of SeMet 
such as Se yeast. Synthetic SeMet could also be employed as a feed additive, 
but its regulatory status is as yet undetermined. The optimal nutritional levels 
of SeMet for different animal species still need to be determined. The 
expectation is that lower additions to feedstock of equivalent levels of SeMet 
will suffice to achieve adequacy than currently approved maximum levels of 
Se in the form of inorganic Se salts. 
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I. INTRODUCTION 


Echinacea (pronounced ek-a-NAY-sha) or purple coneflower is a perennial 
plant in the Compositae or daisy family (Foster, 1985). Traditional literature 
has reported that nine species of Echinacea exists in nature. However, under a 
new reclassification system, eight varieties are categorized under only four 
species (Binns ef al., 2002a). Echinacea (E.) pallida var. angustifolia 
(hereafter referred to as E. angustifolia) and E. purpurea are the most 
common species of Echinacea. E. angustifolia is a wild flower in North 
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Dakota and other parts of the North American great plains that range from 
Texas to Saskatchewan whereas E. purpurea can be found from Georgia to 
Michigan and into Kansas in the west (Foster, 1991). The flower size and color 
vary among species of Echinacea but in general they can be characterized by 
hues of purple ray florets that surround an orange-brown colored head 
containing numerous achene, i.e., fruiting bodies that contain seeds (Foster, 
1985; Schulthess et al., 1991). E. purpurea (L.) Moench., E. angustifolia DC, 
and E. pallida var. pallida Nutt. (hereafter referred to as E. pallida) are the 
Echinacea species most widely used for medicinal purposes and are 
commercially cultivated. In the western United States and Canada, 
E. purpurea (L) Moench. and E. angustifolia DC. account for 80 and 20%, 
respectively, of the cultivated Echinacea (Li, 1998). Other species 
(E. laevigata, E. atrorubens) and varieties (E. tennesseensis, E. sanguinea, 
E. simulata, and E. paradox) are adapted to specific growing regions and are 
thus not exploited commercially. 

In 1909, the American Medical Association dropped Echinacea from 
the list of approved medicinal agents (Wills et al., 2000). In contrast, the 
European Community embraced Echinacea as a pharmaceutical agent. By 
1930, German researchers began exploring the chemical constituents of 
Echinacea in the hope of identifying the component(s) responsible for the 
biological activity (Wills et al., 2000). Over the past 70 years, a number of 
components have been identified as having biological activity. It is widely 
accepted today that the active constituents are grouped into the unsaturated 
lipophilic compounds (Figure 1), caffeic acid phenols (Figure 2), and 
polysaccharides (Figure 3) categories. However, synergistic activities may 
exist with other components of Echinacea to provide bioactivity. 

Around the turn of the 20th century, Echinacea was being prescribed as a 
treatment for a number of aliments, which included snake bites, typhus, 
dysentery and cancer (Wills et al., 2000). Today, Echinacea is promoted as an 
immunostimulatory agent (Bauer, 1999a, 2000) and is one of the most 
popular dietary supplements in the United States. In addition, Echinacea has 
been used successfully in Germany as evidenced by the two million 
prescriptions filled by German physicians annually (Barrett et al., 1999). 
Supplements or preparations of Echinacea are derived from the herbal 
(including seeds or flowers) and root or rhizome parts of the plant. Numerous 
preparations exist in the market, which include fresh and dried plant 
materials, expressed juices, ethanol tinctures and glycerin extracts. 

Most of the available Echinacea preparations could be incorporated into 
food systems to create a functional food. Teas, beverages, and confections, for 
example, have been targeted as delivery agents of Echinacea phytochemicals 
in food systems (Wills et al., 2000). The use of Echinacea as a component in 
functional foods has come under fire because Echinacea is not considered 
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Tartaric Acid Derivatives 
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FIG. 2 Major caffeic acid phenols (CAP) found in Echinacea. 


a "generally recognized as safe" (GRAS) ingredient in the United States. 
However, Health Canada does support the use of Echinacea in food products 
and functional foods could be developed for the Canadian market (Health 
Canada, 1999). 'The economic importance of Echinacea in the dietary and 
medicinal markets is significant, and thorough studies need to be completed to 
assess the risk/benefits of consuming Echinacea. In addition, phytochemical 
stability assessments are critical if Echinacea is to be incorporated into food 
systems. This chapter will highlight the phytochemical constituents of 
Echinacea and will include information relevant to the biological activity, 
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FIG. 3 Example of polysaccharide obtained from Echinacea and cell cultures of 
Echinacea. Partially characterized structures (adapted from Wagner et al., 1988; Melchart 
and Linde, 1999). 


potential safety concerns, detection methods and the effects of processing on 
phytochemicals, including potential functional activities such as antioxidant 
and antimicrobial activities. Limited information will be provided for 
growing and harvesting of Echinacea. It is the author's goal to present the 
most current information; thus a great number of studies may not be presented 
in which the author suggests that the reader seek for additional background. In 
addition, a variety of studies showing both positive and negative results have 
been presented in the hope that a more standard method be adopted for 
assessing the biological activity of Echinacea. 


Il. PHYTOCHEMICAL CONSTITUENTS 


A. GENERAL 


Unsaturated lipophilic compounds, caffeic acid phenols (CAP) and 
polysaccharides are believed to be responsible for the observed immunos- 
timulatory activity. The alkamides and ketoalkenes/alkynes (Figure 1) are the 
two major groups in the unsaturated lipophilic compound category. 
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Approximately, 20 alkamides and seven ketoalkenes/alkynes have been 
characterized (Bohlmann and Hoffman, 1983; Bauer et al., 1987; Bauer and 
Remiger, 1989; He et al., 1998; Dietz and Bauer, 2001). Twelve (12) CAP 
(Figure 2) have been characterized and classified as quinyl esters of caffeic 
acid, tartaric acid derivatives, or phenylpropanoid glycosides (Becker et al., 
1982; Becker and Hsieh, 1985; Bauer et al., 1988a,b; Cheminat et al., 1988). 
In addition, at least eight phenolic acids have been identified (Glowniak et al., 
1996). The polysaccharides are the least characterized of the three main 
categories; however, approximately five polysaccharides and three glyco- 
proteins have been characterized (Proksch and Wagner, 1987; Wagner et al., 
1988; Roesler et al., 1991a; Bauer, 1999a; Classen et al., 2000). Other 
components such as flavonoids and essential oils are present in various parts 
of the plant and could act to enhance the biological activity of Echinacea. 


B. LIPOPHILIC COMPOUNDS 
1. Concentrations and composition 


The immune-enhancing activity of the lipophilic compounds is attributed to 
the alkamides. Isobutylamides and 2-methylbutylamides are the two general 
classes of alkamides (Bauer and Remiger, 1989) based on the isobutyl or 
methylbutyl moiety linked via an amide bond to an unsaturated hydrocarbon 
(Figure 1). The ketoalkenes/alkynes lack the butylamide moiety and could be 
artifacts formed during storage (Bauer et al., 1987). The most common 
methods for the extraction of lipophilic constituents include the use of hexane 
(Bauer et al., 1989; He et al., 1998) or acetonitrile (Perry et al., 1997). Most 
researchers use HPLC to separate the alkamides. Typical conditions include a 
reverse-phase column and a mobile phase of water and acetonitrile (40-80%, 
gradient) and detection at 254 nm (Bauer et al., 1988c, 1989). 

Total alkamide levels in Echinacea are variable and limited data are 
available for direct comparisons between laboratories (Table I). However, 
most researchers agree that the roots contain higher alkamide levels than the 
aerial parts (Bauer and Remiger, 1989; Perry et al., 1997; Wills and Stuart, 
1999; Stuart and Wills, 2000a,b; Binns et al., 2002b). Stuart and Wills 
(20002) reported that approximately 70% of the alkamides were found in the 
roots followed by the flower (20%), stem (10%) and leaves (1%). Further 
dissection of the Echinacea plant gave similar alkamide distributions with 
24% of the alkamides being obtained from the reproductive stem, followed by 
the roots (22%), flowers (19%), rhizomes (17%), vegetative stems (14%) and 
leaves (4%) (Perry et al., 1997). 

Wills and Stuart (1999) and Stuart and Wills (2000a) completed a series of 
experiments to evaluate alkamide levels in E. purpurea grown in Australia. 
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TABLEI 

AVERAGE ALKAMIDE CONTENT (mg/g PLANT PART DRY WEIGHT) OF VARIOUS PLANT PARTS OF 

E. PURPUREA 

Plant part 

Location Roots Rhizome Flower Leaf Veg. stem^ Rep. stem? 
Australia? 8.9 n/r 2.6 0.10 n/r 0.75 
Australia? 3.95 r 0.667 f = -f 
New Zealand? 6.2 8.0 29 — 0.24 19.0 1.52 
United States" 12.9 n/r 5.63! n/r n/r x 


“Vegetative stem. 

Reproductive stem; n/r = not reported. 

^Wills and Stuart (1999). 

“Rogers et al. (1998). 

“Includes vegetative stems. 

"Reported as aerial parts but may include flower, leaf and reproductive stem parts. 
Perry et al. (1997). 

^Binns et al. (20022). 

'Reported as inflorescences (flower and reproductive stem parts). 


Of the 62 commercial samples tested, 5096 of the samples had alkamide levels 
in the range 6—9 mg/g roots (d.w.b.) and 35% fell in the range 3- 
6 mg alkamide/g root material. In addition, 90% of the samples derived from 
the aerial parts (leaves, stems, flowers) had alkamide levels in the range 
0.2—1.4 mg/g dried aerial parts (Wills and Stuart, 1999). This same study 
showed that alkamide levels were higher in samples obtained in the areas north 
of the 32°S latitude in Australia. Further studies showed that coastal (32°S 
latitude, sea level, 13—23°C) growing sites had slightly higher, but not 
significant, levels of alkamides than the sub-tropic tableland (32°S latitude, 
1030 m altitude, 13—23°C) during the first growing season (Stuart and Wills, 
20002). However, the level of alkamides in the tableland flower tissue collected 
during the second season, and at the mature growth stage, was significantly 
higher than the alkamide levels from flower tissue of coastal E. purpurea. 
Stuart and Wills (20002) also found that alkamide levels decreased as the tissue 
aged during the growing season. For example, the concentration of alkamides 
dropped from 11.7 mg/g root tissue, collected at the pre-flowering stage, to 
10.2, 9.5, and 9.0 mg/g during the flowering, mature and senescent growth 
stages, respectively. However, an overall accumulation of alkamides was 
found per plant due to an increase in biomass during the growing season. 
Rogers et al. (1998) reported alkamide levels in E. purpurea between 
0.24 and 1.1 mg/g aerial parts for samples collected at various locations 
within Australia. Again, the growing location did not have a significant effect 
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on alkamide formation. These authors also noted that the vegetative stem and 
root portions gave higher alkamide levels (3.9 mg/g), which is in agreement 
with the other researchers. The average alkamide levels in the root of 
E. angustifolia grown in the United States and Australia were 1.2 and 
0.59 mg/g root, respectively (Rogers et al., 1998). However, only a few 
samples were evaluated in this study and in one Australian sample the 
alkamide level of 1.1 mg/g root was found, again indicating that the growing 
location may not significantly influence alkamide concentrations. 

Binns et al. (2002b) evaluated the alkamide levels in cultivated and wild 
populations of various Echinacea species and varieties. In most samples, the 
concentration of alkamides was highest in the root material. However, no 
clear trend was observed across all species and varieties under all growing 
conditions. Only the flowering parts of E. pallida obtained from plants grown 
from wild-harvested seeds in the greenhouse (referred to as germlings) had 
alkamide levels higher than the root material of the same plant. With the 
exceptions of E. purpurea and pallida, the roots of the germlings had total 
alkamide levels higher than wild-harvested roots (Table II). Transplanting of 
the wild species/varieties and growing under greenhouse conditions 
generally favored the production of alkamides (Binns et al., 2002b). 
The most interesting samples were that of E. atrorubens var. atrorubens. 
The cultivated samples had significantly higher alkamide levels than the 
wild-harvested samples. For example, the cultivated samples had alkamide 
levels of 59.5 and 22.6 mg/g root tissue for the germlings and transplants, 
respectively; whereas, the wild-harvested had only 4.9 mg alkamides/g 
root tissue (Table II). For a general summary of the total alkamides in the 
roots of Echinacea, please see Table II and for additional details please 
refer to the report by Binns ef al. (2002b). In addition, wild-harvested 


TABLE II 
AVERAGE TOTAL ALKAMIDE* CONTENT (mg/g DRY ROOT) OF VARIOUS ECHINACEA SPECIES AND 
VARIETIES GROWN UNDER CULTIVATED AND WILD ENVIRONMENTS 


Germlings” Wild-harvested Wild-transplant 


E. purpurea 12.9 14.2 17.4 
E. pallida var angustifolia 11.1 10.7 24.1 
E. pallida var pallida 1.3 8.6 2.3 
E. pallida var sanguinea 53.1 36.1 14.3 
E. pallida var tennesseensis 28.6 14.2 16.2 
E. atrorubens var atrorubens 59.5 4.9 22.6 


Adapted from Binns et al. (2002a). 
"Estimated average total alkamide levels. 
Plants grown from wild-harvested seeds in a greenhouse. 
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E. atrorubens var. paradox and E. atrorubens var. neglecta had significantly 
higher levels of ketoalkenes/alkynes than other wild-harvested Echinacea 
(Binns et al., 2002b). Cultivating the E. atrorubens var. neglecta in the 
greenhouse had little effect on the production of the ketoalkenes/alkynes, as 
noted by the slight reduction in root alkamide levels from 6.7 to 4.3 mg/g in 
wild-harvested and cultivated samples, respectively. In contrast, cultivating 
of E. pallida slightly promoted the formation of ketoalkenes/alkynes from 1.0 
in wild-harvested to 1.9 and 3.3 mg/g root tissue for transplants and germ- 
lings, respectively. For most other Echinacea species/varieties, the cultivated 
samples had lower ketoalkenes/alkynes levels than the wild-harvested plants. 
Similar to the alkamide, the root tissue had higher concentrations of the 
ketoalkenes/alkynes than did the flower tissue (Binns et al., 2002b). 

The concentration of individual alkamides appeared to depend more on the 
tissue type than on the growing location and conditions. Twenty (20) 
alkamides have been identified in Echinacea and not one species/variety 
contains all 20 alkamides (Bohlmann and Hoffman, 1983; Bauer et al., 1987; 
Bauer and Remiger, 1989; He et al., 1998; Dietz and Bauer, 2001). In general, 
alkamides in E. purpurea possess a 2,4-dienoic moiety, whereas the 
2-monene moiety is more common in E. angustifolia. The 2-ketoalkenes 
and 2-alkynes lack an isobutylamide moiety and are common for E. pallida 
(Bauer et al., 1988c; Bauer and Remiger, 1989; Schulthess et al., 1991). 
Regardless of species/variety, the roots appear to have a more diverse 
alkamide profile than the herbal/aerial parts. However, dodeca-2E,AE,8Z, 
10Z-tetraenoic acid isobutylamide and dodeca-2E,AE,8Z, 10E-tetraenoic acid 
isobutylamide (hereafter referred to as the tetraenoic alkamides) are the major 
alkamides in Echinacea. 

Bauer and Remiger (1989) reported that the tetraenoic alkamides content 
was 0.04-0.39 mg/g root of E. purpurea and 0.09-1.51 mg/g root of 
E. angustifolia. The aerial parts had less than 0.01—0.3 mg/g of these 
alkamides in samples obtained from the United States and Europe. Rogers 
et al. (1998) found similar levels of tetraenoic alkamides in Australian-grown 
E. purpurea and E. angustifolia. Perry et al. (1997) observed that the 
tetraenoic alkamides accounted for 27% of the alkamides in the roots, 71% in 
the rhizome and 74% in the vegetative stem. These three parts are 
often harvested as a root and thus collectively the root system accounted 
for 84% of the total tetraenoic alkamides in the E. purpurea plant tissue. 
In the aerial parts of the plant, 6496 of tetraenoic alkamides were found in 
the flower, and 31 and 5% were found in the reproductive stem and 
leaves, respectively. In E. purpurea, the tetraenoic alkamides accounted for 
45 and 76% of the alkamides from the roots and aerial parts, respectively 
(Wills and Stuart, 1999). Additional research showed that the tetraenoic 
alkamides dodeca-2E, 4E, 8Z, 10Z-tetraenoic acid isobutylamide and 
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dodeca-2E, 4E, 8Z, 1OE-tetraenoic acid isobutylamide accounted for 13 and 
32% of the total alkamides in the root tissue (or 29 and 71% of tetraenoic 
alkamides), respectively (Stuart and Wills, 20002). Binns et al. (2002b) also 
reported that the tetraenoic alkamides were the predominant alkamides in all 
Echinacea species/varieties except E. pallida var. tennesseensis. In this 
particular variety, undeca-2Z-ene-8, 10-diynoic acid isobutylamide was the 
major (4596) alkamide in the root tissue. However, the tetraenoic alkamides 
were the predominant alkamides in the aerial parts in all the species/varieties. 
With a few exceptions, the alkamide distribution was similar between the 
cultivated and wild-harvested plants (Binns et al., 2002b). 

Other predominant alkamides include undeca-2Z, 4£E-diene-8, 10-diynoic 
acid isobutylamide and dodeca-2£,4Z-diene-8,10-diynoic acid isobutylamide 
(Wills and Stuart, 1999; Stuart and Wills, 2000a; Binns et al., 2002b). In 
E. purpurea, these alkamides accounted for 15—25 and 13—27% of the root 
alkamides, respectively. However, neither compound was found in the aerial 
parts (Wills and Stuart, 1999; Stuart and Wills, 2000a; Binns et al., 2002b). 
Undeca-2E,4Z-diene-8,10-diynoic acid isobutylamide accounted for 20% of 
the alkamides in the aerial parts and only 646 in the root of E. purpurea (Wills 
and Stuart, 1999). This observation was further supported by Binns et al. 
(2002b) who found that undeca-2E,AZ-diene-8,10-diynoic acid isobutylamide 
was predominantly present in the aerial parts for most species/varieties tested. 
These authors found that this alkamide accounted for 29% of the total 
alkamides from the aerial parts of E. atrorubens var. atrorubens, which was 
the highest average percentage among the plants tested. Additionally, they 
found that this alkamide was more prevalent in the cultivated plants and that 
most wild Echinacea plants tested lacked this alkamide (Binns et al., 2002b). 
The cultivation of Echinacea is widely practiced and the higher alkamide 
levels found in cultivated plants provide sufficient evidence to eliminate the 
wild-harvesting practices. 


2. Alkamide isolation and key structural features 


Although a great number of advances have been made in the understanding of 
Echinacea, only limited information is available on the health benefits, 
chemical interaction, and safety of individual components or mixtures of 
components. From a practical perspective, using single components has little 
significance considering the make-up of Echinacea preparations currently 
used for pharmaceutical purposes. However, from a basic scientific 
perspective many additional questions are still not fully answered, such as 
the bioavailability and characterization of potential degradation products. 
Information on the isolation and characterization of components for basic 
studies is provided below. Additional information on how the components 
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are affected by processing/extraction of Echinacea will be discussed in later 
sections. 

Two of the most common methods for the extraction of alkamides involve 
the use of hexane (Bauer et al., 1989; He et al., 1998) or acetonitrile (Perry 
et dl., 1997); however, ethanol-based extractions have also proven successful 
(Livesey et al., 1999; Stuart and Wills, 2000b). In our laboratory at North 
Dakota State University, we use a series of solvents starting with hexane, then 
ethanol and finally 70% ethanol to extract the various families of compounds 
(e.g., lipophilic). Regardless of the extraction method, separation of 
individual alkamides can be completed using the thin layer chromatography 
(TLC) method of Bauer and Remiger (1989). Typically, hexane extracts are 
yellow and can be fractionated over silica gel using ethyl acetate -hexane 
(1:5) or by TLC using ethyl acetate —hexane (1:2). Bauer and Remiger (1989) 
used silica gel plates containing fluorescence indicator (F554) and anisalde- 
hyde/sulfuric acid spray, for detection, as a screening method on fractions 
collected during column chromatography. They found that the 2-mono- 
enamide structures gave a yellow color while a violet color was formed when 
2,4-dienamides were present. The 2,4-dienamides fluoresce at 254 nm, thus 
the plate can be viewed under UV light and used as a method for preliminary 
identification. Further purification of the alkamides can be completed on 
a reverse-phase semi-preparative column using water and acetonitrile 
(40-80%) gradient and detected at 254 nm (Bauer ef al., 1988c, 1989). 
When separating natural products, confirmation of the structural features is 
needed if an authentic source is not readily available. Nuclear magnetic 
resonance (NMR) data for the alkamides are similar because most contain an 
isobutylamide moiety and an unsaturated carbon chain. The variation in NMR 
data reflects the position and type of chemical bonds present in the alkamide. 

The isobutylamide region of the alkamides (Figure 1) is unique and can be 
used to characterize the alkamides from the 2-methyl alkamides and other 
olefins. The broad singlet at ca. 5.5 ppm represents the proton on the nitrogen 
(N-H) whereas the doublet at 0.93 ppm represents the methyl protons 
(2CH3). The methylene proton next to the nitrogen (-NH- CH5-) is re- 
presented by a double doublet at 3.18 ppm and the multiplet signal at 1.80 ppm 
represents the methine protons (CNH-CH5- CH-). If the isobutylamide 
feature were replaced by a 2-methyl-butylamide substitution (Figure 1), the 
most obvious change would be the additional triplet signal at 0.91 ppm, which 
represents the protons of the methyl group adjacent to the methylene group. 
The presence of a multiplet signal at 1.41 and 1.16 ppm represents the 
methylene protons adjacent to the methyl and methine groups. The proton 
signal at 1.58 ppm represents the methine group next to nitrogen. 

The unsaturated carbon moiety will produce signals in two primary 
regions. The signals between 5.87 and 7.51 ppm represent the olefin protons 
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while the allylic methylene protons resonate at 2.18 and 2.55 ppm. A proton 
on terminal acetylene (i.e., triple bond) would have a signal near 1.98 ppm. 
Coupling constants of 11 and 15 Hz correspond to the Z and E configurations, 
hand are thus important for establishing the stereochemistry of the alkamide. 
For additional discussion on proton NMR for the alkamides, see Bauer et al. 
(1988c, 1989). Perry et al. (1997) provided C NMR data that showed a 
characteristic carbonyl carbon at 166 ppm, which corresponds to the carbon 
attached to the nitrogen via an amide bond. The aliphatic carbon signals 
can be found between 11 and 47 ppm whereas carbon signals associated with 
the double and triple bonds of the unsaturated chain can be found between 
119—136 and 64-77 ppm, respectively. 

Mass spectral data is a useful analytical tool for characterizing structural 
features of the alkamides. Typically, the mass to charge (m/z) ratios ranged 
from 229 to 278 for the alkamides (He et al., 1998). The isobutylamides and 
2-methyl-butylamides can be differentiated by evaluating the fragmentation 
patterns. Isobutylamides include [M — 57]*, [M — 72]*, and [M — 100]*, 
while 2-methyl-butylamides have [M — 29]*, [M — 86]*, and [M — 114]*. 
The loss of 57, 72 and 100 mass units indicates a loss of the isobutyl group 
[C4Ho]*, [C4H,9N]* and [C4H;9NCO]", respectively. The loss of 29 mass 
units from 2-methyl-butylamides represents a [CoHs]* or ethyl (CCH5-CH3) 
unit. The loss of [CSH;5N]* and [C3H;5NCO]* are indicated by a loss of 86 
and 144 m/z units from the parent ion. 


3. Role of processing on alkamide recovery and stability 


Because of the unsaturated nature of the alkamides, the oxidative stability of 
the alkamides may be a potential concern during the storage and processing of 
Echinacea. Bauer et al. (1988b) found a reduced alkamide level in stored 
E. pallida. They also noted that the ketoalkenes/alkynes undergo oxidative 
reactions, particularly in chopped samples. The storage of herbal medicines 
containing Echinacea, in dry form, would be expected to have similar 
alkamide reductions. Thus, reducing the potential for oxidation during 
storage and processing is critical for maintaining optimal alkamide levels in 
Echinacea-containing products. 

Alkamide concentrations increased when Echinacea was subjected to 
various physical treatments that included cutting, compression or crushing 
(Wills and Stuart, 2000). The alkamide concentration increased from 
6.0 mg/g in undamaged plant tissue to 9.6 mg/g in cut plant tissue. Bruising 
of the tissue prior to drying did not enhance alkamide retention; however, 
bruising followed by cutting significantly enhanced alkamide retention to 
about 9.2 mg/g (Wills and Stuart, 2000). These authors hypothesized that the 
higher alkamide concentrations observed in the physically abused samples 
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were due to the faster drying time as opposed to a biosynthetic production of 
alkamides. The physically abused samples were dried to less than 1296 
moisture in 12 h at 40°C whereas the whole plant required 48 h to reach the 
same moisture level. Kabganian et al. (2002) observed that the drying rate had 
two phases in which the moisture reduction was initially slow, but increased 
rapidly when the moisture content of the plant material was approximately 
35%. These authors attributed the increase in drying rate to a cell-disruption 
phenomenon such that during the initial drying process a molecular diffusion 
across membranes was the mechanism for dehydration. The second phase of 
drying was attributed to a convective mass transfer where the cells disrupt 
allowing for the release and evaporation of water more quickly, thus 
increasing the drying rate. For example, drying Echinacea from 57 to 10% 
moisture at 30°C required 103.4 h whereas 5.3 h was required for drying 
at 70°C. 

In addition, Kabganian et al. (2002) reported that the alkamide levels were 
not significantly affected by the drying process, which supports the findings of 
Wills and Stuart (2000) who found that the more rapid the drying time, the 
greater the alkamide retention. Total alkamide levels of E. purpurea roots 
were not significantly affected by drying (32°C for 48 h) from 69.2 to 6.8% 
moisture (Perry et al., 2000). However, a significant reduction in the 
concentrations of two alkamides was found in the chopped E. purpurea roots. 
Dodeca-2E,4Z-diene-8,10-diynoic acid isobutylamides and dodeca-2E,4Z- 
diene-8,10-diynoic acid isobutylamide levels each dropped by 1396 simply by 
chopping the root and rhizome tissue. A greater reduction (16 and 23%, 
respectively) was found after the samples had been chopped and then dried 
for 48 h. 

The storage length and temperature are critical factors in the oxidative 
stability of polyunsaturated compounds. This also held true for the alkamides. 
Bauer et al. (1988b) noted that 8-hydroxy-9-ene derivatives were formed 
during the storage of E. pallida. They noted that the ketoalkenes/alkynes 
undergo oxidative reactions and suggested that the root remains whole and 
that the extract remains in solution to prevent oxidative degradation. Rogers 
et al. (1998) found that the storage of powdered E. angustifolia roots in a 
sealed bag at room temperature, under desiccation, resulted in a reduction in 
alkamide levels by 13%. A loss of 40, 55 and 80% in alkamide levels were 
found in the chopped E. purpurea samples stored at —18, 3 or 24°C 
respectively for 64 weeks, (Figure 4; Perry et al., 2000). Livesey et al. (1999) 
reported a significant loss in the alkamide levels in powdered E. purpurea 
roots as temperatures increased from — 20 to 40°C. These authors reported 
alkamide levels of 7.5 mg/g root for powders stored at — 20°C; whereas, 
alkamide levels of 1.1 and 0.2 mg/g root were found in samples stored at 25 
and 40°C, respectively. In contrast, no significant reductions of alkamides 
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FIG. 4 The effect of storage time (days) and processing (chopped (C) or unchopped 
(UC)) conditions on alkamide retention (adapted from Perry et al., 2000). 


were found when alkamides were stored under acetonitrile (Perry et al., 2000) 
or methanol (He et al., 1998), which is further supported by the observation 
that alkamide stored under dry conditions (i.e., free of solvent) were unstable 
(Jacobson, 1954). Although acetonitrile would not be used in tinctures, the 
alkamides may behave in a similar manner under ethanol-preserved tinctures 
as demonstrated by Stuart and Wills (2000b). No significant change in 
alkamide levels were found in ethanol (55%) extracts stored at temperatures 
between — 20 and 40°C (Livesey et al., 1999). 

Alkamide concentration increased during storage of E. purpurea roots at 
20°C and 60% relative humidity (RH) over a 20-day storage period (Wills 
and Stuart, 2000). However, a loss, although not significant, of alkamides 
was reported after an additional 10-day storage. Storage of the aerial parts 
under the same conditions did not affect the alkamide retention over the 
30-day storage. In contrast, 70 and 55% reductions in alkamide 
concentrations were found in dried, crushed E. purpurea stored at 20°C in 
the presence of light or at 30°C in the dark over 60 days, respectively (Wills 
and Stuart, 2000). 

In addition to storage length, the method of drying plant tissue can have 
an impact on alkamide retention. Freeze-dried E. purpurea roots had 
significantly higher total alkamide levels compared to vacuum (50 mmHg) 
microwave-dried, air-dried at 70°C, and vacuum microwave-dried at partial 
vacuum (200 mmHg) products Kim et al. (20002). In the partial vacuum- 
dried samples, the total alkamides and tetraenoic acid isobutylamides were 
significantly lower than other dried samples. In contrast, the total alkamide 
concentrations were higher in the air-dried (50°C) E. purpurea leaves than for 
the freeze-dried and vacuum microwave-dried samples. 
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Bauer (1999b) found that the alkamide, dodeca-2E,A4E,8Z,10E/Z-tetra- 
enoic acid isobutylamide, level was influenced by the preparation method. 
Nonthermal preparations appeared to have slightly higher levels of the 
tested alkamide than thermally treated products. Thus, the drying process 
may not be the best method for preparing Echinacea products. Pressing of 
the plant material to obtain an expressed juice is a common preparation 
method; however, preservation of the juice with ethanol is required. Direct 
ethanol extraction of the plant material can be used in place of the pressing 
operation. 

Stuart and Wills (2000b) evaluated a series of ethanol:water mixtures as 
well as solvent:solute ratio and extraction temperatures as a means to identify 
the optimal solvent extraction conditions. These authors found that high 
ethanol levels favored alkamide extractions and that the 90:10 (ethanol:water 
v/v) removed 70 and 50% of the alkamides in the roots and aerial parts, 
respectively (Figure 5). In general, higher alkamide recovery was reported for 
the root tissue as compared to the aerial tissue. Although the alkamide 
recovery was quite high, the phenolic content of the extract was poor 
suggesting that only optimal extraction conditions were met for the 
alkamides. In general, the authors suggested a solvent ratio of 60:40 
(ethanol:water v/v) for optimal extraction of alkamides and phenolic 
compounds. Dropping the ethanol content from 90 to 60% resulted in a 9% 
reduction in alkamide extraction (Stuart and Wills, 2000b). These 
observations were similar to the findings of Bergeron et al. (2000) and 
Binns et al. (2002b) who reported that a 70% ethanol solution was optimal 
for extracting various Echinacea phytochemicals; however, 95% ethanol was 
ideal for extracting alkamides. Sun et al. (2002) reported that the presence of 
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FIG. 5 The effect of ethanol concentration on alkamide recovery from Echinacea tissue 
(adapted from Stuart and Wills (2000b)). 
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water hindered the extraction of alkamides by supercritical fluid (SF) carbon 
dioxide. However, no difference in alkamide extraction was noted for roots 
having moisture contents of 8.4 and 4.9%. They hypothesized that the 
presence of water (75%) in the fresh Echinacea sample altered the polarity of 
the supercritical carbon dioxide, thus reducing the extraction of the lipophilic 
alkamides. 

The ratio of solvent:solute is also important as noted by Stuart and Wills 
(2000b). They noted that as the solvent:solute ratio increased from 2:1 to 8:1, 
alkamide in the extract increased from 37 to 6846 for the roots and from 27 to 
53% for the aerial parts. As the ratio of solvent:solute increases, so does 
the ethanol level thus enhancing alkamide recovery. In SF extractions, 
the addition of ethanol (10—1296) as a modifier to the supercritical carbon 
dioxide enhances the total extract or oleoresin yield but does not significantly 
influence the alkamide concentrations (Catchpole et al., 2002). Sun et al. 
(2002) also noted that a 5% ethanol addition did not significantly affect the 
alkamide recovery. 

Stuart and Wills (2000b) also reported that an extraction temperature 
of 20°C was optimal for extracting alkamides when a 60:40 ratio of 
ethanol:water was used as the solvent. Under these conditions, 61 and 45% 
of the alkamides were extracted from the roots and aerial tissues, respectively 
(Figure 6). In contrast, Sun et al. (2002) reported the higher temperatures 
favored alkamide extraction during SF extraction of E. angustifolia under 
constant pressures. These authors estimated that 2—3 times more alkamides 
could be extracted as the temperature of the SF extractor increased from 45 to 
60°C, regardless of the vessel pressure. Catchpole er al. (2002) also reported 
similar findings in that increasing the temperature favored alkamide extraction 
when constant pressures were maintained in the SF extractor. 
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FIG. 6 The effect of temperature on alkamide recovery from Echinacea tissue (adapted 
from Stuart and Wills (2000b)). 
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Stuart and Wills (2000b) reported a decrease, from 60 to 1596, in alkamide 
content of extracts prepared from Echinacea root with increasing particle 
size, from 300 to 4000 um. Particle size is also important in SF extractions as 
noted by Sun et al. (2002). These authors noted a 10-fold increase in alkamide 
extraction simply due to grinding the sample. 


C. CAFFEIC ACID PHENOLS 
1. Concentrations and composition 


Caffeic acid phenols (CAP; Figure 2) make up the largest percentage of the 
Echinacea phenolic compounds with flavonoids, phenolic acids, and 
anthocyanins contributing a smaller percentage. The tartaric acid derivatives 
of the CAP are believed to be responsible for some of the immune-enhancing 
activity of Echinacea, with cichoric (also referred to as chicoric) acid being 
the most important (Bauer et al., 1989). Chlorogenic acid, verbascoside and 
echinacoside are present in significant quantities but have no immune- 
enhancing activity. However, these compounds do possess antioxidant 
activity and are hence potentially important phytochemicals that could act as 
synergists to enhance the biological activity of Echinacea. 

A qualitative determination of the CAP in E. pallida showed that the roots 
contain high echinacoside levels; whereas, cichoric acid was the predominant 
CAP in the flowers and leaves (Cheminat ef al., 1988). This qualitative 
evaluation is a reasonable approximation of the CAP distribution in plant 
tissue; however, the level of the individual CAP is dictated by the Echinacea 
species evaluated. Pietta ef al. (1998) presented a qualitative evaluation on 
the CAP in E. purpurea, E. pallida and E. angustifolia using micellar 
electrokinetic chromatography (MEKC). These authors noted that echinaco- 
side was present in the roots and aerial parts of the E. pallida and 
E. angustifolia, but not E. purpurea. Cichoric acid is the predominant CAP 
in E. purpurea roots and aerial parts but is virtually absent in all parts of 
E. angustifolia and roots of E. pallida. The presence of other CAP in plant 
tissues is variable and species-variety-dependent (Tables I-V). 

Becker and Hsieh (1985) reported that the roots and aerial parts contained 
7.6 and 13 mg cichoric acid/g dried plant material, respectively. Bauer and 
colleagues reported that the range of cichoric acid levels in aerial parts was 
1.2—3.1% and, in roots, 0.6—2.1% for German-grown Echinacea (Bauer et al., 
1988a; Bauer and Wagner, 1990). Wills and Stuart (1999) reported that the 
average cichoric acid levels for Australian E. purpurea roots and aerial parts 
were 13.2 (1.32%) and 12.9 mg/g (1.29%), respectively. Furthermore, 
chromatographic separation indicated that cichoric acid accounted for 63 
and 6746 of the phenols in the root and aerial parts, respectively. Similar to the 
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TABLE III 
AVERAGE CICHORIC ACID CONTENT (mg/g PLANT PART DRY WEIGHT) OF VARIOUS PLANT PARTS 
OF E. PURPUREA 


Plant part 
Location Roots Flower Leaf Stem“ 
Stuart and Wills (2000a) 21 34 19 7.5 
Becker and Hseih (1985) 7.5 13^ z^ n/r 
Bauer and colleagues? 14 22 10 4 
Binns et al. (2002a)4 8.3 6.6° n/r n/r 


“Vegetative and reproductive stem; n/r = not reported. 

Reported as aerial parts but may include flower, leaf and stem parts. 

^Bauer et al. (1988a) and Bauer and Wagner (1990). 

Binns et al. (2002a)—average cichoric acid content for E. purpurea grown under cultivated and wild 
environments. 

“Reported as inflorescences (flower and reproductive stem parts). 


alkamides, the Echinacea samples obtained from areas north of the 32°S 
latitude in Australia had higher levels of cichoric acid (Wills and Stuart, 
1999). Fifty percent (5096) of the 62 samples tested had cichoric acid levels in 
the range 10—15 mg/g roots and 90% fell in the range 5—25 mg cichoric acid/ 
g root material. In addition, 90% of the herbal samples had cichoric acid 
levels in the range 5—20 mg/g dried aerial parts (Wills and Stuart, 1999). 


TABLE IV 
CONTENT“ AND DISTRIBUTION? OF CICHORIC ACID IN VARIOUS PLANT TISSUE OF MATURE 
E. PURPUREA GROWN OVER TWO SEASONS AT DIFFERENT LOCATIONS IN AUSTRALIA 


Location 

Coastal Tableland 
Plant Part Year 1 Year 2 Year 1 Year 2 
Roots 37 31 35 44 
Flower 24 32 17 7 
Leaf 24 15 34 43 
Stem 16 22 14 6 
Total cichoric acid/plant* 1380 2120 847 2058 


Adapted from Stuart and Wills (2000a). 
“mg/plant dry weight. 
’Contribution (%) to total cichoric acid/plant by each plant part. 
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TABLE V 
AVERAGE TOTAL CAFFEIC ACID PHENOL CONTENT (mg/g DRY ROOT) OF VARIOUS ECHINACEA 
SPECIES AND VARIETIES GROWN UNDER CULTIVATED AND WILD ENVIRONMENTS" 


Germlings” Wild-harvested Wild-transplant 


E. purpurea 10.5 8.0 6.5 
E. pallida var angustifolia 12.9 3.2 2.0 
E. pallida var pallida 2.5 2.5 0.5 
E. pallida var sanguinea 0.2 1.0 0.5 
E. pallida var tennesseensis 6.7 0.8 0.2 
E. atrorubens var atrorubens 0.2 0.3 0.6 


“Adapted from Binns et al. (2002a). Estimated total alkamide levels. 
^PPlants grown from wild-harvested seeds in a greenhouse. 


Bauer et al. (19882) noted that the E. purpurea had higher levels of 
cichoric acid than E. angustifolia DC. In addition, average cichoric acid 
contents in mg/g plant tissue of E. purpurea were 22, 14, 10 and 4 for the 
flower, root, leaf, and stem segments, respectively (Table III). The average 
cichoric acid content in Australian-grown E. purpurea was 34, 21, 19, and 
8 mg/g dried flower, root, leaf, and stem segments, respectively (Stuart and 
Wills, 20002). Binns et al. (2002b) also reported that the flowers had higher 
concentrations of cichoric acid than the roots of wild-harvested Echinacea 
obtained in the United States. Although the data suggests that geographic 
location may have a slight effect on cichoric acid concentration, the 
accumulation of cichoric acid in specific plant parts was not affected by 
location. In these studies, the flowers had the highest level of cichoric acid at 
all locations, followed by root, leaf, and stem segments (Table III). 

E. purpurea grown in the coastal (32°S latitude, sea level, 13—23?C) and 
sub-tropic tableland (32°S latitude, 1030 m altitude, 13—23?C) growing sites 
in Australia had similar cichoric acid levels (Stuart and Wills, 2000a). The 
average cichoric acid levels were 34, 23, 20 and 9 mg/g plant part for the 
flowers, roots, leaves and stems, respectively, in mature E. purpurea plants 
grown in coastal areas. The tableland-grown, mature E. purpurea had average 
cichoric acid levels of 31, 18, 17 and 8 mg/g plant part for the flowers, roots, 
leaves and stems, respectively. In contrast, significantly higher levels of 
cichoric acid per plant were found in E. purpurea plants grown in coastal 
areas, due in part to the higher plant mass. Stuart and Wills (20002) reported a 
total cichoric acid content of 1750 and 1452 mg/plant for E. purpurea grown 
in coastal and tableland areas, respectively (Table IV). The contribution of 
each plant part to the total cichoric acid level was similar between growing 
locations. The root tissue accounted for 37 and 35% of the total cichoric acid 


132 C. HALL III 


in coastal and tableland grown plants, respectively, harvested at the mature 
stage of growth, followed by the stem (24 and 34%), flowers (23 and 17%), 
and leaves (16 and 1496). However, the contribution of each plant part 
harvested at the mature stage varied between two growing seasons (Stuart and 
Wills, 2000a). For example, the flower tissue accounted for 8% of the total 
cichoric acid levels in year one and 32% after the second growing season 
(Table IV). In general, cichoric acid levels decreased as the plant entered the 
senescent stage of the growing cycle (Stuart and Wills, 2000a). Kim et al. 
(2000b) noted a slight reduction in CAP in the samples harvested between 
August and October. Cichoric acid decreased significantly in freeze-dried 
samples between harvest periods, again indicating the importance of 
harvesting at the correct stage of the growing cycle. Perry et al. (2001) 
reported that cichoric acid contents were highest in summer and lowest in 
autumn-harvested plants, thus supporting the trends observed by other 
researchers. The mean cichoric acid levels of 2.0 and 2.3 mg/g root or aerial 
parts, respectively, were found in E. purpurea during the summer harvest, but 
decreased to 1.7 and 0.34 mg/g root or aerial parts, respectively, in the 
autumn-harvested E. purpurea (Perry et al., 2001). These studies indicate the 
importance of harvest time on CAP retention. 

Binns et al. (2002b) determined the CAP levels in cultivated and wild 
populations of various Echinacea species and varieties. Similar to the 
alkamides, no clear trend was observed across all species and varieties under 
all growing conditions (Table V). The CAP concentration was highest in the 
flower tissue in most samples. The flowers of the wild-harvested samples had 
the highest CAP levels, followed by the transplants and lastly the germlings. 
In contrast, the roots of the germlings had the highest CAP levels followed by 
wild-harvested samples and lastly the transplants (Binns et al., 2002b). With a 
few exceptions, the CAP concentration was highest in E. purpurea samples 
and ranged from 6.5 to 10.5 mg/g of root material. Cichoric acid was the 
predominant CAP in E. purpurea roots; whereas, echinacoside predominated 
in all the other species and varieties tested (Table V). Cynarin also accounted 
for a significant proportion of the CAP in root tissue of cultivated 
E. angustifolia and E. pallida var. tennesseensis but contributed to a lesser 
proportion of the CAP in the flowers of these varieties (Binns et al., 2002b). 
Cichoric acid was the predominant flower CAP in all Echinacea samples 
evaluated except E. atrorubens var. atrorubens, where chlorogenic acid was 
the predominant CAP. Dietz and Bauer (2001) reported similar findings for 
this species but did not observe cichoric acid or echinacoside, as did Binns 
et al. (2002b). Other E. atrorubens varieties contained significant levels of 
chlorogenic acid, which supports the work of Bauer and Foster (1991) who 
noted the presence of chlorogenic acid and echinacoside, but no cichoric acid, 
in the roots of E. atrorubens var. paradox. Chlorogenic acid was also in 
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significant levels in the flowers of E. angustifolia and E. pallida (Binns et al., 
2002b). E. purpurea had a chlorogenic acid content at 125 ug/g; whereas, 
26 ug/g was found in E. angustifolia (Glowniak et al., 1996). 

Phenolic acids are structurally similar to the CAP. A phenolic acid content 
of 190 and 870 pg/g was reported for E. angustifolia and E. purpurea, 
respectively (Glowniak et al., 1996). Caffeic acid is part of the structural 
features of the CAP but can also be found as a free acid. Binns et al. (2002b) 
reported caffeic acid levels of 10 and 70 ug/g root in E. purpurea and 
E. pallida var. tennesseensis, respectively. These authors also noted that 
E. pallida var. tennesseensis contained 70 wg caffeic acid/g flower. However, 
substantially higher (320 ug/g) caffeic acid levels were reported in the aerial 
parts of E. purpurea (Glowniak et al., 1996). Vanillic acid was present in the 
aerial parts of E. angustifolia but not E. purpurea. In contrast, 86 jug of 
vanillic acid/g roots of E. purpurea was found using an analytical method 
which utilized MEKC (Pomponio et al., 2002). Protocatechuic, p-hydro- 
xybenzoic, p-coumaric and ferulic acids were common to both E. angustifolia 
and E. purpurea. 


2. CAP isolation and key structural features 


The extraction of CAP can be completed using alcohol or alcohol/water 
mixtures (Bauer et al., 1988b; Cheminat et al., 1988; Wills and Stuart, 1999; 
Bergeron et al., 2000). A common extraction approach uses a Soxhlet 
apparatus, methanol, and an extraction time of 12—24h. Cheminat ef al. 
(1988) completed an in-depth structural evaluation of 12 CAP isolated from 
Echinacea using NMR and grouped the CAP as quinyl esters of caffeic acid, 
tartaric acid derivatives, and phenylpropanoid glycosides. This grouping can 
be advantageous to individuals interested in obtaining standards because 
preliminary fractionation can be based on groups of similar compounds 
instead of single components. Recently, a chemical synthesis of cichoric acid 
has been reported (Lamidey et al., 2002), thus providing an alternative source 
of cichoric acid for biological and stability studies. 

The extraction and separation of the CAP can best be accomplished using 
the protocol of Cheminat et al. (1988), unless a preparative HPLC is available 
for separations. In this protocol, Echinacea was extracted with methanol: 
water (4:1) for 12 h followed by removal of methanol and extraction of the 
remaining aqueous phase with petroleum ether and chloroform. The aqueous 
phase was acidified, extracted with ethyl acetate and then n-butanol. After 
concentration of the ethyl acetate and n-butanol fractions, CAP were 
fractionated over a Sephadex LH20 column using methanol:water (4:1) 
followed by separation over silica gel, TLC or HPLC. Unlike other CAP, 
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cichoric acid can be isolated in a purified form after separation on Sephadex 
LH20 column. Echinacoside isolation can be achieved using a polyamide 
column and eluting with water followed by ascending methanol 
concentrations. 

In our laboratory, we use a series of solvents to extract compounds with 
similar physical properties. Typically, an extraction protocol includes 
extracting the dried root or aerial parts with hexane to remove alkamides 
followed by 10096 ethanol and 7096 ethanol for the removal of phenolic and 
phenolic glycosides, respectively (Hall et al., 2001). Bergeron et al. (2000) 
reported that 70% alcohol solutions were optimal for extracting the various 
Echinacea phytochemicals. A unique feature of their method was the use of 
ultrasound promoted extractions, which provided similar alkamide but higher 
CAP than traditional Soxhlet. Unlike Cheminat et al. (1988), we (Hall et al., 
2001) used reverse-phase or C;g packing material as the stationary phase for 
the separation of the CAP and a mobile phase of ethanol and 0.5% acetic acid 
under gradient elution. Bergeron et al. (2000) reported the use of reverse- 
phase stationary phase and gradient elution with methanol and water to purify 
echinacoside. Johnson ef al. (2002) reported a three-phase method for 
concentrating an ethanol:water extract of Echinacea. In phase one, ethanol 
was removed via pervaporation followed by precipitation of the alkamides by 
microfiltration and osmotic distillation. 

The variation in NMR data between CAP is due to the non-caffeic acid 
moiety and should then be used as a part of the identification process. In 
general, the caffeic acid moiety will have chemical shifts between 6.22 and 
7.65 ppm with the aromatic proton ranging from 6.81 to 7.08 ppm. The 
hydrogens on the carbons neighboring the aromatic ring have chemical shifts 
near 7.59 ppm. The olefin hydrogens on the carbons next to the carbonyl have 
chemical shifts around 6.25 ppm, and are readily observed by the large 
associated coupling constants (~ 16 Hz) (Becker et al., 1982; Becker and 
Hsieh, 1985; Cheminat et al., 1988). The tartaric acid moiety is characterized 
by a proton resonance at 5.67 ppm. The elimination of one caffeic acid 
molecule from the tartaric acid moiety (i.e., caftaric acid) results in two 
chemical shifts at 4.57 and 5.34 ppm. 

Echinacoside contains a caffeic acid, a B-(3,4-dihydroxyphenyl)-ethoxy 
substitution, two glucose groups, and a rhamnose group. The caffeic acid 
moiety has chemical shifts similar to those listed above while the aromatic 
proton chemical shifts for the B-(3,4-dihydroxyphenyl)-ethoxy substitution 
are found at 6.54, 6.66, and 6.67 ppm. The ethyl hydrogens on the carbon 
attached to the aromatic ring produce a signal at 2.73 ppm, whereas chemical 
shifts of 3.67 and 3.92 ppm are characteristic of protons on the carbon 
attached to the glucose moiety. For the glucose and rhamnose moieties, the 
majority of chemical shifts are between 3.14 and 3.75 ppm. 
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Fast atom bombardment mass spectrometry (FAB-MS), in the negative- 
ion mode, was used to elucidate the structure of CAP (Facino et al., 1993). 
The negative ions ([M — H] ) of 473, 353, and 311 m/z correspond to 
cichoric acid (MW 474), chlorogenic acid (MW 354) and caftaric acid 
(MW 312), respectively. FAB-MS mass spectrometry (FAB-MS/MS) of 
cichoric acid produced [M — H] daughter ions of 311, 293, 179, 149 and 
113 m/z. Cleavage of the ester bond results in the release of caftaric acid and a 
caffeoyl residue (160 m/z). The subsequent loss of a second caffeoyl or caffeic 
acid results in 149 and 113 m/z ions, which correspond to the tartaric acid 
moiety. Chlorogenic acid is a quinic acid ester of caffeic acid, thus, one would 
expect the loss of a caffeoyl unit. A daughter ion at 191 m/z represents the loss 
of caffeic acid from chlorogenic acid to give quinic acid. Minor ions at 309 
and 147 m/z are indicative of a loss of carbon dioxide (44 m/z units) from 
chlorogenic acid and quinic acid, respectively. Other CAP can be evaluated 
using a similar approach. 


3. Role of processing on CAP recovery and stability 


A 1,2-dihydroxy moiety is a structural feature of molecules susceptible to the 
enzymatic degradation by polyphenol oxidase (PPO). Cichoric acid contains 
this structural feature and is thus susceptible to enzymatic degradation 
(Bauer, 1997). The immunostimulatory activity of Echinacea is partly due to 
the cichoric acid, and hence protection against enzymatic degradation is 
critical for retaining the potency of Echinacea preparations. 

Cichoric acid content of six commercially available E. purpurea expressed 
juice preparations, preserved with ethanol (2096) or by thermal processing, 
varied significantly between preservation methods (Bauer, 1999b). The 
thermally treated preparations had an average cichoric acid content of 
0.24 g/100 ml of extract. In contrast, the cichoric acid content of the five 
ethanol preserved preparations was 0.075 g/100 ml extract. Several prep- 
arations had no cichoric acid whereas one ethanol-preserved preparation 
contained 0.14 g cichoric acid/100 ml extract. Within this preparation, the 
cichoric acid content of several lots varied from 0 to 0.34 g/100 ml extract. 
Bauer (1999b) hypothesized that the inactivation of PPO by heat may account 
for the difference in cichoric acid content found between heated and non- 
heated preparations. Any expressed juice would be expected to contain 
enzyme inherent to the plant tissue; thus, additional processing of the 
expressed juice preparation is critical for CAP retention. 

Kreis et al. (2000) characterized a PPO from the aerial part of E. purpurea 
as a diphenolase with a high affinity for caffeic acid. In addition, the PPO 
lacked monophenolase activity. The PPO was reported to be a 47—54 kDa 
protein having an optimal activity near pH 6.0 and reversibly inhibited by 
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metal-chelating agents. Copper was found to be essential for activity as the 
addition of excess copper could reverse the inactivation by metal chelators. 
Bergeron et al. (2002) noted that the addition of the metal chelators, citric and 
malic acids, greatly enhanced the stability of CAP in glycerin extracts of 
E. purpurea. In the control (ie., without chelators) glycerin extracts, 
approximately 50, 72 and 80% reductions in caffeic, caftaric and cichoric 
acids were found, respectively after 4 months of storage; whereas a 21% 
increase in 2-O-feruloyl-tartaric acid was found during the same storage 
period. Citric and malic acids were found to be the most effective in 
preventing CAP degradation at the 0.596 level. A hibiscus extract at 1596 was 
also found to be an effective antioxidant (Bergeron et al., 2002). Cichoric acid 
levels in hibiscus, citric acid and malic acid protected glycerin extracts 
decreased by 44, 32 and 31%, respectively after 4 months of storage, which is 
significantly better than the 80% loss observed in the control sample. Other 
CAP were protected by the addition of the metal chelators/antioxidants. 
Additional studies showed that the addition of ascorbic acid (AA) (50 mM) or 
soaking of the plant material in a nitrogen-rich environment prevented 
cichoric acid degradation (Nüsslein et al., 2000). These authors also found 
that the degradation of cichoric acid was promoted by protein extracts of 
E. purpurea during incubation at 40°C whereas heat processing inactivated 
the protein extract. 

Perry et al. (2001) reported 50% reduction of cichoric acid and other 
CAP within minutes after water had been added to ground roots and aerial 
parts. They noted that the extraction solvent of 7096 ethanol did not promote 
degradation and theorized that the PPO had been denatured. Nüsslein et al. 
(2000) reported that the ethanol concentration (2296) typically found in 
alcohol-preserved preparations, plus ethanol levels as high as 40%, were not 
able to prevent cichoric acid degradation. However, the addition of AA to the 
ethanol extracts did reduce the rate of loss but did not inhibit the degradation 
completely. Within 1 week, cichoric acid levels dropped by 2096, and by 
4 weeks of storage 70% of the cichoric acid was gone from extracts 
containing 2296 ethanol and 100 mM AA. In contrast, 80 and 9096 of the 
cichoric acid in 30 and 40% ethanol-preserved extracts containing 
AA remained after a 4-week study, respectively. Nüsslein et al. (2000) 
recommended that 40% ethanol and 50 mM AA be used for the preservation 
of expressed juice products. They observed that the cichoric acid level in the 
chemically preserved preparations equalled those of thermal process 
preparations. In contrast, the addition of 30% ethanol and 50 mM AA to 
pressed juice was insufficient to inhibit the degradation of cichoric acid. 
Nüsslein et al. (2000) proposed that the degradation was caused by an esterase 
and not PPO. They observed an increase in caftaric and caffeic acids in stored 
extracts, indicating the hydrolysis of the ester bond between the caffeoyl 
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moiety and tartaric acid (Figure 7). If PPO were responsible for the 
degradation, one would not expect to find caffeic acid in the extracts because 
caffeic acid has been shown to be a very good substrate for PPO (Kreis et al., 
2000) and would undergo polymerization. 

The loss of CAP during the growing season indicates that the enzymatic 
activity exists in the plant and that handling of the plant could further the 
degradation of CAP. Thus, handling of the plant is critical if high levels of 
CAP are to be retained. Post-harvest handling of Echinacea is as important 
for the production of dried products as is the thermal or extraction process is 
to pressed juice products. E. purpurea processed using various drying 
methods showed that freeze drying and vacuum microwave drying of flowers 
had significantly higher total cichoric and caftaric acid levels compared to air 
drying (Kim et al., 2000b). Significantly higher CAP were retained in the 
samples air-dried at 40°C than at 25 and 70°C. Li and Wardle (2001) reported 
that the cichoric acid levels were significantly higher in E. purpurea dried at 
45°C than at 40 or 35°C. Similar results were reported for E. pallida except 
that no significant differences in cichoric acid levels were found between 40 
or 35°C. No correlation was found between the drying temperature and 
retention of echinacoside in dried E. angustifolia and E. pallida roots. 
Compared to a freeze-dried control, no significant reduction in echinacoside 
level was found in the roots of E. angustifolia dried at 23°C (Kabganian et al., 
2002). However, a 28 and 55% reduction in echinacoside was found at dry 
temperatures of 30 and 60*C, respectively. 

Wills and Stuart (2000) found that cichoric concentration was not 
significantly altered when Echinacea was subjected to various physical 
treatments that included cutting, compression or crushing. These results 
appear to contradict other reports (Nüsslein et al., 2000; Perry et al., 2001) 
regarding the instability of the cichoric acid after harvesting. However, the 
method of damage may not have been sufficient to cause cell disruption 
normally caused by the pressing operation. Subsequently, there may not have 
been sufficient substrate—enzyme interactions to promote a high degree of 
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FIG. 7 The hydrolysis of the ester bond between the caffeoyl moiety and tartaric acid in 
cichoric acid (1) to give caftaric (2) and caffeic (3) acids as proposed by Nüsslein et al. 
(2000). 
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browning, although Wills and Stuart (2000) did observe some enzymatic 
browning. Kim et al. (2000b) reported that Echinacea product with a moisture 
content of 9.3% had a significantly lower cichoric acid content compared to 
the ones dried to 6.1% prior to storage. In contrast, Li and Wardle (2001) 
noted that cichoric acid levels were the greatest for E. purpurea samples 
having moisture contents of 10—1596. Although insignificant, higher 
echinacoside levels were reported for E. angustifolia roots dried to 10% 
moisture content. E. pallida roots dried to 5% moisture had significantly 
lower echinacoside levels than those dried to 10-15%. 

Storage of freshly harvested Echinacea at 20°C and 60% RH did not 
significantly affect the concentration of cichoric acid over a 30-day storage 
period (Wills and Stuart, 2000). However, an 8046 reduction in cichoric acid 
was reported for samples stored at 5°C and 80% RH. Although the storage 
temperature was significantly lower, the higher RH was thought to be the main 
reason for the enhanced cichoric acid degradation. For example, the moisture 
content of dried Echinacea stored at 20°C and 60% remained constant (10%) 
over the course of 60 days. In contrast, the moisture content of the dried 
sample stored at 5°C and 80% RH increased from 10 to 25% over the 60-day 
storage (Wills and Stuart, 2000). These authors proposed that drying 
Echinacea to a moisture content of 10-12% was critical for inhibiting 
enzyme activity. Alternatively, blanching prior to storage at 5°C and 80% RH 
can be an effective method for preserving cichoric acid (Wills and Stuart, 
2000). Storage after 7 months showed that powdered extracts of E. purpurea 
roots were more stable than a 55% ethanol preparation (Livesey et al., 1999). 
In powdered samples, cichoric acid was not significantly affected during 7 
months of storage. However, samples stored at higher temperatures did 
contain lower levels of cichoric acid. For example, the cichoric acid level was 
27% lower in samples stored at 25°C as opposed to storage at — 20°C. In 
contrast, storage of the extracts was significantly affected by storage 
temperature. The greatest cichoric acid reduction (78%) occurred in the 
samples stored at 40°C (Livesey et al., 1999). 

Stuart and Wills (2000b) and Bergeron et al. (2000) evaluated several 
extraction techniques and conditions that involved a series of alcohol:water 
mixtures. Both groups of researchers found that alcohol levels of 60—7096 
favored CAP removal. Cichoric acid was extracted slightly more efficiently by 
70% methanol than 70% ethanol but both solvents were significantly more 
efficient extraction solvents than their corresponding 100% counterparts 
(Bergeron et al., 2000). Ultrasonic-promoted extractions significantly enhance 
cichoric acid extraction when 7046 alcohol was used as the solvent (Table VI). 
In contrast, a reduction in cichoric acid extraction was found in the ultrasonic- 
promoted extraction using 100% alcohol solvents. Echinacoside recovery was 
not significantly affected by solvent type or extraction condition (Table VT). 


ECHINACEA AS A FUNCTIONAL FOOD INGREDIENT 139 


TABLE VI 
COMPARISON BETWEEN SOXHLET AND ULTRASOUND-PROMOTED EXTRACTION OF CICHORIC 
ACID AND ECHINACOSIDE FROM E. PURPUREA AND E. ANGUSTIFOLIA, RESPECTIVELY 


E. angustifolia roots E. purpurea root E. purpurea top 


Extraction condition Echinacoside Cichoric acid Cichoric acid 
Soxhlet“—100% MeOH 14.0? 19.5 19.0 
Ultrasound^—10096 MeOH 13.5 12.0 14.0 
Ultrasound—70% MeOH 14.0 43.0 30.0 
Ultrasound—70% EtOH 13.5 38.0 27.0 


Adapted from Bergeron et al. (2000). 

"Soxhlet—1 h extraction in methanol (MeOH). 

Pmg/g tissue (approximations). 

^Ultrasound—sample extracted three times using methanol or ethanol (EtOH) under 5 min exposure to 
ultrasound. 


Stuart and Wills (2000b) reported that 6096 ethanol was optimal for recovering 
cichoric acid from the roots and aerial parts of E. purpurea. These authors 
reported that cichoric acid accounted for 37% of the material in the 60% 
ethanol extract for both the root and aerial parts, but only 23 — 2546 of the extract 
obtained from 7046 ethanol extraction. Significant degradation of cichoric acid 
was noted as the extraction residues contained very little cichoric acid. The 
only exception to this trend was in the residues of the samples extracted with 
10096 ethanol (Stuart and Wills, 2000b). The denaturation of PPO probably 
contributed to the stability of cichoric acid in the residue. Enzyme inactivation 
further supported the observed increase in cichoric acid recovery as 
temperatures during the extraction increased from 20 to 60°C (Figure 8). 
Furthermore, cichoric acid recoveries were enhanced by increasing the 
solvent:solute ratio from 2:1 to 8:1 and by reducing the particle size from 4000 
to 300 jum (Stuart and Wills, 2000b). 

In contrast to alkamides, alternative extraction solvents such as SF carbon 
dioxide appear to be ineffective as an extraction solvent for CAP removal 
(Catchpole et al., 2002; Sun et al., 2002). Conditions evaluated by these 
researchers include pressures of 31—55 MPa and temperatures between 41 and 
60°C. In both studies, ethanol was used as a solvent modifier, but the 
supercritical carbon dioxide was not modified sufficiently to promote the 
extraction of CAP. The addition of 1096 methanol to the supercritical carbon 
dioxide at 25 MPa and 60°C was sufficient to promote the extraction of 
rosmarinic acid, a compound with similar structure features as cichoric acid 
(Bicchi et al., 2000). Thus, additional work is needed to determine if SFE can 
be used as a method to remove CAP. 


140 C. HALL III 


50 4 Eoi 
45 root 
40 G aerial 


Cichoric Acid (of plant tissue) 


20 40 50 60 
Temperature (°C) 


FIG. 8 The effect of temperature on cichoric acid recovery from Echinacea tissue 
(adapted from Stuart and Wills (2000b)). 


D. GLYCOPROTEINS AND POLYSACCHARIDES 


1. Concentrations and composition 


Unlike the alkamides and CAP, the knowledge regarding concentrations and 
composition of glycoproteins and polysaccharides is limited. The roots 
of E. purpurea and E. angustifolia contain several glycoproteins in the 
10-70 kDa MW range and recently a 1200 kDa glycoprotein has been 
isolated (Bauer, 1999a, 2000; Classen et al., 2000). The glycoproteins of 
molecular weights, 17, 21 and 30 kDa comprised approximately 3% protein 
in which aspartate, glycine, glutamine and alanine are the predominant amino 
acids (Beuscher et al., 1987). The sugar moieties include arabinose (64— 
84%), galactose (1.9—5.396) and glucosamine (6%) (Bauer, 1999a, 2000). 
Classen et al. (2000) determined that the 1200 kDa glycoprotein was an 
arabinogalactan-protein (AGP) with a protein content of approximately 7%. 
Serine (16%) was the most abundant amino acid followed by alanine, 
hydroxyproline, and aspartate (Table VII). These authors also estimated that 
the AGP made up about 0.4% of the dry weight of the pressed juice. The AGP 
was approximately 83% polysaccharide with galactose and arabinose 
accounting for 90% of the monosaccharides (Table VIII). Reconstruction 
of the purified AGP indicated that the carbohydrate moiety had an arabino- 
3,6-galactan structure. The backbone of the polysaccharide consisted of B-D- 
galactopyranosyl residues with a high degree of branching at the C-6 oxygen 
via (1 — 6) to -D-galactopyranosyl containing terminal o-L-arabinofurano- 
syl residues (Classen et al., 2000). These authors estimated that 700 amino 
acid and 7000 glycosyl residues make up the structural features of the AGP 
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TABLE VII 
AMINO ACID DISTRIBUTION" IN AN ARABINOGALACTAN-PROTEIN FROM E. PURPUREA 

Amino acid % 

Serine 16.0 
Alanine 12.5 
Hydroxyproline 11.5 
Asparagine/aspartic acid 10.6 
Threonine 10.5 
Glutamine/glutamic acid 9.4 
Arginine 7.5 
Glycine 4.6 
Valine 4.1 
Histidine 3.7 
Lysine 3.3 
Leucine 2.5 
Isoleucine 2.2 
Phenylalanine 1.6 


Adapted from Classen et al. (2000). 
“% of isolated protein. 


isolated and that the galactose and hydroxyproline residues link the 
polysaccharide and protein moiety together. 

The polysaccharides can be grouped into one of the three general 
categories that include fructans, pectic polysaccharides or arabinogalactans. 
A 35 kDa polysaccharide, 4-O-methyl-glucuronoarabinoxylan, isolated from 
the hemicellulosic fraction of E. purpurea was characterized by Wagner et al. 
(1984, 1985) and Proksch and Wagner (1987). These authors noted that 
xylose, galactose and arabinose made up the largest proportion of the 


TABLE VIII 
MONOSACCHARIDE DISTRIBUTION’ IN AN ARABINOGALACTAN-PROTEIN FROM E. PURPUREA 
Monosaccharide % 
Galactose 59.1 
Arabinose 33.2 
Glucosamine 4.0 
Mannose 2.6 
Rhamnose 1.1 


Adapted from Classen et al. (2000). 
“% of isolated polysaccharide. 
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monosaccharides whereas glucose, mannose and rhamnose were minor 
constituents. An arabinose:xylose ratio of 1:5 and a 4-O-methyl-glucuronic 
acid:xylose of 1:5.7 were observed. B-(1 — 4)Xylopyranosyl residues make 
up the backbone of the acidic arabinoxylan, with branch points at C-2 and C-3 
oxygens. Arabinofuranosyl residues are linked at the C-3 oxygen via a- 
(1— 5) bonds while a B-linked 4-O-methyl-glucuronic occupied the C-2 
location (Proksch and Wagner, 1987). Emmendorffer et al. (1999) stated that 
a second immunostimulating polysaccharide, a 50 kDa acidic arabinorham- 
nogalactan, was characterized from the herbal parts of E. purpurea. In this 
polysaccharide, the molar ratios of monosaccharides were 1:0.8:0.6:0.6 for 
arabinose, rhamnose, galactose and glucose, respectively. 

An acidic arabinogalactan (75 kDa) and two fucogalactoxyloglucans (10 
and 25 kDa) have been isolated from the cell cultures of E. purpurea and were 
found to be characteristically different from the arabinogalactan from the 
Echinacea plants (Wagner et al., 1988). An arabinose:xylose ratio of 1:1 and 
approximately 1696 galacturonic acid were observed in the cell culture- 
derived arabinogalactan. Galactose accounted for 7596 of the hexose sugars 
and was predominantly linked 1 — 3 to other galactose units to make up the 
polygalactan backbone. The B-D-galactan backbone was linked 1— 6 to 
galactose at branch points on every second galactose. Approximately, 7 — 8 
galactose residues in the side-chains are terminally linked 1 — 3 to arabinose. 
Other branch points may include a 1 — 2 or 1 — 4-linked rhamnosyl or 
galacturonic acid residue, respectively (Wagner et al., 1988). These authors 
also noted that larger arabinan side-chains existed and that 1 — 5 linkages 
predominated. The fucogalactoxyloglucans both had the same molar ratios of 
glucose, xylose, galactose and fucose (1.5:1.0:0.4:0.1) and a 1 — 4-linked 
glucan backbone. Branch points were predominant (65%) at the C-6 oxygen. 
Recently, a hexasaccharide identified by Wagner et al. (1988) has been 
chemically synthesized (Csává et al., 2001). For additional discussion on the 
polysaccharides, see Bauer (1999a, 2000) and Emmendorffer et al. (1999). 

Inulin was identified as a major (5.9%) component of the roots of 
E. angustifolia (Heyl and Stanley, 1914). Giger et al. (1989) noted that 
polymerization of fructans occurred over the course of winter as observed by 
the reduction in fructose from October and May. The rate of polymerization 
was faster in E. purpurea than E. angustifolia, suggesting that other 
polysaccharides may develop in a similar manner. Additional research is 
needed to identify the effects of harvest time on polysaccharide composition. 


2. Glycoprotein and polysaccharide isolation and key structural features 


Of the phytochemical components in Echinacea, the glycoproteins and 
polysaccharide have been the least characterized. A general protocol 
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(Proksch and Wagner, 1987; Wagner et al., 1988; Classen et al., 2000) for 
separating the polysaccharides included pressing of the plant tissue, heating 
or acid hydrolysis, methanolysis, reduction and oxidation reactions. For 
complete NMR and sugar distribution data, see Proksch and Wagner (1987), 
Wagner et al. (1988), Classen et al. (2000) and Csává et al. (2001). 


3. Role of processing on polysaccharide recovery and stability 


In general, polysaccharides tend to be more stable than alkamides and CAP, 
but their presence in Echinacea preparations is somewhat dictated by 
processing conditions. For example, one would expect dried plant material to 
contain the highest polysaccharide levels, followed by expressed juice 
preparation and alcohol tincture. Limited data are available regarding 
the effects of post-harvest handling and processing on polysaccharide levels. 

In the roots of E. angustifolia or E. pallida, the level of polysaccharides 
decreased as the drying temperature increased (Li and Wardle, 2001). 
Although the decrease in polysaccharide levels was not significant, a 7 and 
15% reduction in polysaccharides was observed in E. angustifolia roots as 
the drying temperature increased from 35 to 40 or 45°C, respectively. In 
E. pallida, only 2 and 396 of the polysaccharides were lost as the temperatures 
increased from 30 to 40 or 45°C, respectively. In contrast, higher drying 
temperatures did not affect the polysaccharide retention in E. purpurea. There 
was a significant increase in polysaccharide levels as drying temperature 
increased from 35 to 40 or 45°C. For example, the concentration of 
polysaccharides increased from 24 to 28.6 mg/groot as the drying 
temperature increased from 35 to 45?C, (Li and Wardle, 2001). A reduction 
in polysaccharide content (dry weight basis) was noted in roots that had been 
dried to 15% moisture compared to 5%, regardless of the Echinacea species. 
For example, 1.3 times more polysaccharides were present in the roots of 
E. pallida dried to 5% moisture as opposed to roots dried to 15% moisture 
(Li and Wardle, 2001). 

The low concentration of polysaccharides in alcoholic tinctures would be 
expected due to the insolubility of the polysaccharides in ethanol. Solvents 
containing approximately 50% v/v ethanol can be used to precipitate 
polysaccharides (Bauer, 19992). Although no data were given, Bergeron 
et al. (2000) reported that 7096 ethanol extracted lower polysaccharide levels 
than 70% methanol. A 65% glycerin extract had higher polysaccharides than a 
50% ethanol extract (Bergeron et al., 2002). In contrast to high alcohol levels, 
low to intermediate alcohol levels can be a viable extraction solvent for 
polysaccharides. Gahler et al. (2001) patented a method for extracting 
polysaccharides using 20% ethanol and a solvent temperature of 55°C. Ethanol 
concentrations greater than 20% and temperatures lower than 55°C reduced 
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polysaccharide recovery. An extract containing 120 mg polysaccharides/ml 
was produced using vacuum evaporation at 50 mbar and 60°C for 15 h (Gahler 
et al., 2001). 


IIl. STANDARDIZATION, QUALITY ASSURANCE 
AND REGULATIONS 


A. IS THERE A NEED FOR STANDARDIZATION? 


As already indicated throughout the chapter, the type and quantity of 
Echinacea phytochemicals vary significantly. A number of factors such as 
growing season, part of the plant utilized in the preparation of the commercial 
product, the species/variety (i.e., purpurea, angustifolia DC, pallida, etc.) 
of Echinacea used, method of harvest and processing can affect phytochem- 
ical concentrations in Echinacea products (Bauer, 1997). Bauer (1996) stated 
that the products should be classified according to plant species and 
processing methods. Bauer (1999b) noted differences in cichoric acid and 
alkamide concentrations between thermally treated and ethanol-preserved 
preparation. A survey of 46 samples from 25 commercial brands of 
Echinacea showed that alkamides varied significantly among products 
(Osowski et al., 2000). These authors found that the alkamides and cichoric 
acid ranged from 0 to 60.5 ug/ml and from 0 to 4600 ug/ml, respectively. 
Tablets and pressed juice products had the greatest variations in cichoric acid 
whereas homeopathic tinctures had the greatest alkamide variation. Similar 
observations, with regard to product variability, were found in an Australian 
study that evaluated 32 Echinacea products (Wills and Stuart, 1998). For dry 
products (1.e., tablets, capsules), the cichoric acid content ranged from 0.2 to 
6 mg/ml (200—6000 ug/ml) whereas liquid products obtained from retail 
outlets and naturopaths contained 0—3.9 and 0.1—4.7 mg/ml, respectively. 
The range in alkamide concentrations was similar among products; however, 
the average alkamide content was 1.7 times higher in samples obtained from 
naturopaths than from retail outlets (Wills and Stuart, 1998). These authors 
also noted that 28% of the samples had alkamide levels near zero; whereas, 
1696 of the samples had cichoric acid levels near zero, suggesting that 
alkamides may be more prone to degradation. 

The variation in phytochemical levels between Echinacea preparations is 
apparent. Many researchers have suggested that standardization of phyto- 
chemicals in Echinacea products is needed. However, standardization of the 
products is difficult due to the complexity of the phytochemicals, the lack of 
understanding regarding interaction between individual phytochemicals 
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and the lack of agreement as to which phytochemical(s) should be used for 
standardization. 


B. QUALITY ASSURANCE OF ECHINACEA PRODUCTS 


1. Standardization 


The CAP are commonly used as marker compounds and labeled as “phenolics” 
on many dietary supplements. However, general spectroscopic methods used 
for determining total phenols can sometimes give erroneous readings. 
Targeting specific compounds would be more advantageous and provide 
additional information such as plant species/variety and parts of the plants used 
in the preparation. 

Echinacoside has been used to standardize many preparations, but the lack 
of immune-enhancing activity of this component suggests that it should not 
be used as a component for standardization. However, this compound could 
be used as a marker compound for authenticating the species of Echinacea 
used in the preparation. For example, the lack of echinacoside in an extract 
would indicate that E. purpurea would be the species most likely used in that 
preparation. The standardization of Echinacea products based on cichoric 
acid and alkamides has been proposed, due to the biological activity of these 
compounds (Bauer, 1999a,b; Perry et al., 2000). Binns et al. (2002c) used the 
statistical method, canonical discriminant analysis, to differentiate growing 
locations among nine populations of E. angustifolia. One population was 
characterized by having traces of cynarin, and three alkamides and high 
amounts of echinacoside and tetradeca-8Z-ene-11,13-diyn-2-one (a marker 
ketone for E. pallida). Binns et al. (2002c) speculated that this population 
may have been a hybrid between E. pallida (Nutt.) and E. angustifolia DC. 
This statistical tool was able to distinguish between growing locations and 
was able to differentiate species/varieties. Additional work should be done 
using this statistical method to determine differences among other population 
of Echinacea, as a method to differentiate commercial products, and 
eventually to determine the relationships between potency and active 
constituents. Until additional research can pinpoint the specific phytochem- 
ical(s) and biologically active concentrations, no uniform standardization 
method will be used by all manufacturers. However, there is a growing 
consensus among researchers that CAP (specifically cichoric acid) and 
alkamides should be targeted as the phytochemicals for standardization. 
Polysaccharides do have biological activity; however, the analytical methods 
have not been sufficiently optimized for routine quality assurance evaluations. 
In addition, polysaccharides are often absent in alcohol-based products. 
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2. Analytical methods for quality assurance 


A reverse-phase HPLC method can be routinely used for evaluating CAP and 
alkamides in Echinacea preparations. If dried products are evaluated, the CAP 
and alkamides must first be extracted prior to HPLC analysis. In contrast, some 
liquid preparations may need to be concentrated for example, via solid-phase 
extraction, prior to analysis. We have found in our laboratory that a sequential 
extraction of dried products with hexane (100%), ethanol (100%), and lastly 
ethanol:water (70:30 v/v) was an effective method to fractionate the various 
phytochemicals (Hall et al., 2001). An alternative extraction protocol using 
only 70% ethanol as the extraction solvent has been reported (Bergeron et al., 
2000). In some cases, concentration of the alkamides may be needed prior to 
HPLC analysis. A separation of alkamides from CAP can be completed using 
C-18 solid-phase extraction columns (Schieffer, 2000; Schieffer and Kohn, 
2002). Briefly, the CAP elute from the column in the methanol:water (30:70 
v/v) solvent while the alkamides are removed using acetonitrile:water (90:10 
v/v). Liquid preparations with low alkamide concentrations are ideally suited 
for this method because this technique concentrates the alkamides, thus 
increasing the sensitivity. However, the simultaneous analysis of CAP and 
alkamides using HPLC-photodiode array-electrospray mass spectrometry 
(Luo et al., 2003) may hold promise as a rapid analytical method for analyzing 
the phytochemical constituents. 

The method of Bauer (1999b) illustrated the most common method to 
evaluate alkamides using reverse-phase HPLC. The separation was 
completed using a gradient elution of water (eluent A) and acetonitrile 
(eluent B) linearly from 40 to 80% eluent B at 1 ml/min over a C-18 reverse- 
phase column and detection at 254nm. TLC using silica 60 plates with 
indicator (F254 nm) can be used as an alternative to HPLC. However, this 
method is less adaptable for large number of samples requiring a rapid turn- 
around typically associated with quality assurance programs. In contrast, a 
high-performance TLC (HPTLC) method is being evaluated as a rapid 
screening method for the identification of Echinacea species present in 
commercial products and potential adulterants (Reich et al., 2002). 

A reversed-phase (LiChroCART 125-4 column) system with gradient 
elution is an effective method for separating the CAP within 12 min (Bauer, 
1999b). The gradient system included water plus 0.196 orthophosphoric acid 
(85%) as eluent A and acetonitrile plus 0.1% orthophosphoric acid (85%) as 
eluent B. A linear gradient from 10 to 3096 eluent B was completed within 
20 min at 1 ml/min and detection at 330 nm. Bergeron et al. (2000) modified 
the method to include a pH adjustment to 2.80 for a solvent system containing 
phosphoric acid (solvent A) and 1% phosphoric acid (1 M) in acetonitrile 
(solvent B). 
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Alternative methods for assessing Echinacea phytochemicals include the 
use of MEKC or near infrared reflectance (NIR) spectroscopy. Pietta ef al. 
(1998) used a 25 mM tetraborate buffer containing 30 mM SDS at pH 8.6 for 
the separation of CAP. The MEKC separation was completed within 20 min 
with good resolution. Goti et al. (2002) reported a simultaneous separation of 
both the CAP and alkamides using MEKC technique and variable wavelength 
detection. The separation was completed in 10 min using a mobile phase of 
SDS (110 mM) and hydroxypropyl-B-cyclodextrin (100 mM) in Britton- 
Robinson buffer (10 mM, pH 8.0). The advantage of this method was that the 
cost of operation is less than HPLC, since organic solvents were not needed. 
Recently, several NIR spectroscopy techniques have been reported for the 
analysis of adulteration and cichoric acid (Laasonen et al., 2002; Gray et al., 
2001). Laasonen et al. (2002) reported that NIR could discriminate between 
E. purpurea and 10% adulterated E. purpurea samples. These authors also 
noted that about 1046 of the E. purpurea samples and 096 of the adulterated 
samples were misidentified. Gray et al. (2001) evaluated 169 root samples 
using NIR and found between 1.8 and 19.1 mg cichoric acid/g root. These 
authors cautioned that the partial least squares regression used in the 
calculations requires additional samples from various locations before the 
method can be adopted for routine cichoric acid determinations. Schulz et al. 
(2002) also reported the use of NIR to measure the echinacoside content in 
E. angustifolia and E. pallida roots. 

Gas chromatography (GC)-MS coupled with multivariate statistical 
analysis proved valuable in verifying the authenticity of Echinacea species 
(Lienert et al., 1998). Similar root extracts could be grouped, based on the 
identified compounds from the GC-run, by principal component and cluster 
analysis. The correct grouping of the Echinacea species (i.e., purpurea, 
angustifolia, and pallida) was not influenced by the extraction method or by 
the aging process of the roots. 


C. PRODUCT REGULATIONS 


Echinacea is sold as a dietary supplement in the United States and as a natural 
health product in Canada. However, Health Canada does support the use of 
Echinacea in food products; thus functional foods could be developed for the 
Canadian market. In the United States and Canada, there are no restrictions on 
the species/varieties used in products. In Germany and many European 
countries, Echinacea products are sold as drugs in pharmacies (Bauer, 2000). 
In addition, not all products are approved for use in all countries. For 
example, E. purpurea aerial parts and E. pallida roots are approved in 
Germany; whereas E. angustifolia and E. purpurea roots are not (Blumenthal, 


1998). 
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The regulation of Echinacea products in the United States would fall under 
the “Dietary Supplement Health and Education Act of 1994" (DSHEA). In the 
United States, statutory 403 (a)(1) of the Federal Food, Drug, and Cosmetic Act 
"prohibits labeling that is false or misleading." Under DSHEA, a structure/- 
function claim can be made, provided the claim meets the criteria set forth in 
statutory 403(r)(6). Structure/function claims are permissible if a specific 
disease is not targeted, unless reviewed by FDA. A structure/function claim 
such as "supports the immune system" would be acceptable whereas 
“alleviates the common cold or flu" would not be acceptable for Echinacea 
because the claim targets a specific disease state (i.e., cold or flu). 

Echinacea must first be approved as a GRAS ingredient before it can 
legally be added to food; thus functional foods containing Echinacea cannot 
be legally sold. Creating a functional food and marketing it, as a dietary 
supplement is also not legal if the food resembles traditional food such as 
soup. In many European countries, health claims are not permitted on food 
products while in other countries, such as, Japan, claims are allowed under the 
"Foods for Specified Health Use" (FOSHU) system. The benefits of 
Echinacea in laboratory studies show promise and potential functional 
foods be derived from this research provided the studies support the safety of 
Echinacea. Health Canada has explicit definitions for Echinacea products and 
labeling requirements (Health Canada, 1999). 

One issue not resolved by the DSHEA, specifically for botanical or herbal 
dietary products, is the lack of standardization of the active component. As 
mentioned previously, the standardization of Echinacea products is based on 
the level of plant material rather than one specific compound. In many cases, 
the specific compound responsible for the health benefit has not been fully 
characterized. In addition, many phytochemical constituents may participate 
in an observed health benefit. The lack of standardized preparations may, in 
fact, be responsible for the conflicting reports surrounding the biological 
activity of Echinacea. 


IV. BIOLOGICAL AND TOXICOLOGICAL ACTIVITIES 


A. BIOLOGICAL ACTIVITIES 


1. Immunological investigations 


Echinacea is promoted as an immune-enhancing herbal product and could be 
easily incorporated into cereal-based products (Wilson, 1998) to create a 
functional food. There are over 300 research articles dealing with the 
biological activity of Echinacea. In addition, over two million prescriptions 
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are filled by German physicians annually (Barrett et al., 1999), thus providing 
some evidence of the safety of Echinacea products. Before Echinacea can be 
considered as a component in functional foods, additional research is needed 
to support the biological activity in a clinical setting and to determine the 
adverse effects of consuming Echinacea. The following discussion highlights 
only a fraction of the studies completed to date. The author suggests the 
reviews of Bauer (1999a, 2000), Emmendórffer et al. (1999) and Melchart 
and Linde (1999) for more detailed information. 

Improving immune response has been the most widely documented benefit 
of Echinacea (Vómel, 1985; Bauer et al., 1988d; Erhard et al., 1994; Burger 
et al., 1997; See et al., 1997; Rehman et al., 1999). Most studies support the in 
vitro nonspecific immune-enhancing activity while in vivo studies are less 
convincing. The expressed juice of E. purpurea has been the primary plant 
preparation used in many of the biological investigations. Alcohol-diluted 
expressed juice and ethanol extracts of the plant are other preparations used in 
immune-enhancing studies. Specific pure compounds have also been used in 
some studies. 

Natural killer (NK) cells are responsible for nonspecific immunity by 
targeting virus-containing cells or tumor cells via phagocytosis. Cytokines 
such as TNF-a and IL-1 enhance NK cell activity whereas prostaglandins are 
inhibitory (Currier and Miller, 2001). Thus, compounds that promote 
macrophages to secrete cytokines or compounds that inhibit prostaglandin 
production would be expected to enhance immunity. Phagocytosis (i.e., the 
first immune reaction against invading foreign substances) of erythrocytes was 
significantly enhanced upon treatment with extracts of Echinacea (Vómel, 
1985). Coeugniet and Elek (1987) found that the pressed juice of E. purpurea 
enhanced nonspecific cell mediated immunity at concentrations between 1 and 
100 ug/g, whereas 1000 ug/g treatments were ineffective. These authors noted 
that the 1000 ug/g concentration promoted leukocytes mortality but suggested 
that this concentration was clinically irrelevant. A dose-dependent increase in 
the percentage of phagocytic granulocytes was found after treatment of white 
blood cell suspensions with lyophilized expressed juice of E. purpurea 
(Stotzem et al., 1992). Lyophilized juice at concentrations of 1 and 5 mg/ml 
was most effective whereas the phagocytic activity at the 12.5 mg/ml 
concentration was not significantly different from the control. Only the 
5 mg/ml had a significantly higher phagocytosis (i.e., number of phagocytosed 
starch grains per granulocytes) index (Stotzem et al., 1992). These authors did 
note that the lack of activity at the highest lyophilized expressed juice 
concentration (12.5 mg/ml) was due to a cytotoxic effect on the granulocytes. 
Gaisbauer et al. (1990) also supported the importance of concentration on 
phagocytosis. In contrast, no immune-enhancing activity was found in mice 
fed various Echinacea products (South and Exon, 2001). 
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Ethanol extracts of E. purpurea and E. angustifolia roots were also found 
to enhance immune indices (Erhard et al., 1994; Currier and Miller, 2000). 
Erhard et al. (1994) determined the mean channel of fluorescence intensity, 
which is proportional to the number of latex particles ingested or adhering to 
single granulocytes as one measure of immune response. The second 
measure, phagocytosis index, was also determined as the difference between 
the average numbers of latex particles ingested by the test compound and 
those adhering to the granulocytes after treatment with cytochalsin D 
(a compound that inhibits ingestion of latex particles but not adhesion). 
Collectively, phagocytosis incorporated both measurements. Vitamin C and a 
root extract of E. angustifolia were the only two treatments that significantly 
enhanced phagocytosis (Erhard et al., 1994). The addition of Lachesis muta, 
Aconitum napellus, or Apis mellifica extracts to E. angustifolia root extract 
further enhanced phagocytosis. Wagner and Jurcic (1991) also found 
enhanced phagocytosis when combinations of Eupartorium perfoliatum, 
Baptisia tinctoria and Arnica montana were added to E. angustifolia. In 
contrast, no immune-enhancing activity was noted in patients given an extract 
containing E. angustifolia, Eupartorium perfoliatum and Thuja occidentalis 
after curative surgery for different malignant tumors (Elsásser-Beile et al., 
1996). 

Burger et al. (1997) reported that cytokine production was enhanced in 
peripheral blood macrophages after treatment with an ethanol extract from 
the aerial parts of Echinacea. A dose-dependent interleukin 1 (IL-1) 
production was not found within or among all the fresh pressed juice lots 
of Echinacea tested. However, the 1.20 g/ml concentration in two lots did 
stimulate the macrophage production of IL-1 to a greater extent. A third lot of 
fresh pressed juice had a maximum IL-1 production at 0.20 ug/ml. In 
contrast, the highest concentration (10 ug/ml) of the dried juice produced the 
greatest levels of IL-1 (Burger et al., 1997). In the fresh pressed juice 
products, the 0.05 ug/ml dose promoted the greatest TNF-a production 
whereas 10 ug/ml dose produced the greatest TNF-a level of a third lot. The 
0.03 ug/ml concentration of dried juice gave the greatest TNF-a production. 
The composition of the extracts may account for the variability in cytokine 
production (Burger et al., 1997). Additional work by these authors showed 
that, at low doses (0.012—0.1 ug/ml), a dose-dependent cytokine production 
by macrophages was apparent irrespective of the product tested (i.e., fresh 
pressed or dried juice). 

Administration, via mouse chow, of E. purpurea root extracts at 
0.45 mg/day per mouse was found to enhance the number of NK cells in 
healthy young and old mice (Sun et al., 1999; Currier and Miller, 2000) and 
leukemic mice (Currier and Miller, 2001, 2002). The number of NK cells 
increased in both the spleen and bone marrow, and paralleled cell cytolytic 
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function (Sun et al., 1999; Currier and Miller, 2000). In aged mice, the 
number of NK cells returned to levels typically found in younger mice 
(Currier and Miller, 2000). In the spleen, a 3096 increase in NK cells was 
found in mice fed Echinacea root extracts for 14 days compared with the 
Echinacea-free diet (i.e., control). Currier and Miller (2001) found a 2.5-fold 
increase in the number of NK cells in the spleen after 9 days of E. purpurea 
administration. After 3 months, the number of NK cells was 2—3 times that of 
normal, nonleukemic mice. The addition of melatonin to the Echinacea- 
containing diet resulted in a decrease in the NK cell numbers in the spleen 
(Currier and Miller, 2001). In contrast, bone marrow NK cells returned to 
levels similar to nonleukemic mice when melatonin and Echinacea were co- 
administered in the diet. No leukemic mice versus treated mice remained 
alive by 3 months; thus, the administration of Echinacea significantly 
enhanced the survival of the leukemic mice. However, the addition of 
melatonin to the Echinacea-containing diet significantly increased the 
survival rate, with 5096 of the leukemic mice surviving to and beyond 3 
months. Further immune-enhancing activity was noted by a significant 
increase in NK cells when mice were immunized with dead leukemia cells 5 
weeks prior to administration of Echinacea in the diet (Currier and Miller, 
2002). See et al. (1997) reported that extracts of dried E. purpurea 
significantly enhanced the NK cells in healthy subjects and those suffering 
from chronic fatigue syndrome and acquired immunodeficiency syndrome, at 
concentrations greater than 0.1 g/ml. 

Combination of low doses of cyclophosphamide, E. purpurea extract 
(Echinacin®) and thymostimulin enhanced the immune functions of 
terminally ill cancer patients (Lersch et al., 1990, 1992). NK cells increased 
between 17 and 29% whereas lymphokine activated killer cell activity 
increased from 180 to 195%. In contrast, polysaccharides isolated from cell 
cultures of E. purpurea did not enhance the phagocytic activity of 
granulocytes in chemotherapy patients (Melchart et al., 2002). 

Bauer ef al. (1988d) found that ethanol extracts (1:10) of E. purpurea, 
E. pallida and E. angustifolia roots significantly enhanced in vitro 
phagocytosis of granulocytes. Partitioning of the ethanol extract of 
E. purpurea and E. pallida into chloroform and water gave lipophilic and 
polar fractions, respectively. The lipophilic fraction was significantly more 
active than the whole ethanol extract and the polar fraction at enhancing 
phagocytosis. Bauer et al. (1988d) hypothesized that the isobutylamides and 
polyacetylenes in the lipophilic fraction were responsible for the granulocyte 
phagocytosis. In addition, concentration of the extracts had varying degrees 
of activity. The ethanol extract of E. purpurea root was the most effective at 
1 ug/g (10 ^96 as reported by Bauer et al. (1988d)) whereas the 100 and 
10 ug/g concentrations of the extract were most effective for E. pallida 
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and E. angustifolia, respectively. Irrespective of the Echinacea species/ 
varieties, the 1 g/g concentration of the lipophilic fraction obtained from the 
ethanol extract was found to have the highest activity. Furthermore, the in vivo 
granulocyte phagocytosis results correlated with the in vitro results (Bauer 
et al., 1988d). Goel et al. (2002) reported that alkamides significantly 
enhanced (60%) the phagocytic activity of mice alveolar macrophages at a 
dose of 12 wg/kg/day. The phagocytic activity of the cells treated with 0.5 and 
4 wg/kg/day levels were not significantly higher than the activity of the 
control. Significantly, more TNF-a and nitric oxide were generated by the 
alveolar macrophages treated with Echinacea components and stimulated, 
in vitro, with a lipopolysaccharide from E. coli. Again, the optimal 
concentration was 12 wg/kg/day for the alkamides (Goel et al., 2002). 
However, the levels of TNF-a, interferon-y (IFN-y) and interleukin 2 (IL-2) 
released by rat splenocytes were not significant. 

Polar constituents of Echinacea include polysaccharides and CAP. 
Wagner et al. (1985, 1988) reported that in vivo and in vitro experiments 
supported the immune-enhancing activity of a polysaccharide fraction. These 
authors reported that a polysaccharide fraction from E. purpurea herb and 
root enhanced phagocytosis of yeast particles by polymorphonuclear 
neutrophil cells (PMNC) by 27% at concentrations of 1 and 10 ug/ml, 
respectively. A 32% increase in phagocytosis by PMNC was reported after 
treatment with a 10 ug/ml polysaccharide solution obtained from 
E. angustifolia. Wagner et al. (1985) originally reported on E. angustifolia; 
however, Bauer (1999a) stated that E. pallida could possibly be the species/ 
variety evaluated based on misidentification that commonly occurred prior to 
1985. Carbon-clearance assay showed, in mice, that phagocytosis was 
enhanced at a dose of 10 mg/kg body weight, thus supporting in vitro 
observations (Wagner et al., 1985). A 4-O-methyl-glucuronoarbinoxylan 
(35 kDa) was found to enhance phagocytic activity in vitro by 2396 at 
concentrations as low as 10 ^ mg/ml. However, no in vivo activity was 
observed (Proksch and Wagner, 1987). Polysaccharides isolated from cell 
cultures of E. purpurea were found to stimulate phagocytosis by 
macrophages, with the fucogalactoxyloglucan (25 kDa) having the greatest 
phagocytic activity (Wagner et al., 1988). In addition, an arabinogalactan 
(75 kDa) stimulated TNF-a excretion from the macrophage (Wagner et al., 
1988). An arabinogalactan also stimulated the release of IL-1, TNF-a and 
IFN in macrophages, in vitro (Luettig et al., 1989; Roesler et al., 1991a). 
However, the same immune responses were not significantly enhanced 
after human subjects were injected intravenously with a polysaccharide 
solution, although nonspecific immune functions could be shown (Roesler 
et al., 1991a). Goel et al. (2002) reported that a polysaccharide dosage 
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of 3000 wg/kg/day was required to induce a significant increase in TNF-a 
production by rat alveolar macrophage. 

Another polar constituent, cichoric acid, did not enhance TNF-a 
production (Goel et al., 2002) at levels up to 120 wg/kg/day. Schumacher 
and Friedberg (1991) noted that, over the concentrations (2.5—250 mg/kg) 
and delivery (injection, oral) methods tested, no immune-enhancing activity 
was found in mice given the lyophilized water extracts of E. angustifolia. In 
addition, the water-soluble CAP, echinacoside, was not found to enhance 
immune function over the concentrations of 1—250 mg/kg. Bauer et al. (1989) 
also reported that echinacoside, along with verbascoside and 2-caffeoyl 
tartaric acid, did not stimulate phagocytosis. However, these authors did find 
that cichoric acid was effective in stimulating phagocytosis at concentrations 
of 10? mg/ml. 

To date, all the studies evaluating the immunostimulating activity of 
Echinacea have focused on extracts or purified compounds as they exist in 
nature. The conflicting results between in vivo and in vitro studies may be 
caused by the test system used in the studies. Rininger et al. (2000) developed 
an innovative approach to evaluate the activity of Echinacea preparation 
using an in vitro protocol designed to stimulate in vivo conditions. The unique 
feature of this protocol was that the Echinacea raw material was subjected to 
a simulated digestive process. The samples were first subjected to digestion 
by gastric juice for 2 h at 37°C, neutralized with sodium hydroxide and finally 
incubated in simulated intestinal fluid for 2h at 37°C. Viability and 
proliferation of human peripheral mononuclear cells (PBMC) and release 
of cytokines from murine macrophages were used to characterize 
immunostimulatory activity. Rininger ef al. (2000) reported a 10-15% 
variation in inter-assay TNF-a demonstrating a good reproducibility for the 
digestion assay. The production of TNF-a and nitric oxide by macrophages 
stimulated with digested Echinacea preparation were dose-dependent over 
the range 0—1280 pl/ml. Treatment of murine macrophages with various 
levels (5-320 wl/ml) of digested Echinacea preparation also promoted a 
dose-dependent secretion of other cytokines (IL-1, IL-6, IL-10). Various 
nondigested Echinacea products, including commercial products standar- 
dized for phenolics, at concentrations greater than 250 ul/ml were unable to 
stimulate cytokine production in murine macrophages (Rininger et al., 2000). 
The viability and proliferation of PBMC was enhanced by digested 
Echinacea products only at concentrations found to stimulate cytokine 
secretion. This study suggests that the immune-enhancing components can 
survive the digestive process and possibly act as in vivo immunostimulating 
agents (Rininger et al., 2000). 
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2. Antimicrobial and antiviral activity 


Related to the immunostimulatory activity is the ability of macrophages and 
granulocytes to eliminate bacterial and viral infections. Echinacea has been 
found to promote resistance to viruses. Wacker and Hilbig (1978) found that 
mouse L 929 cells treated with methanol or aqueous extracts of Echinacea 
were 50—80 times more resistant to influenza, herpes and vesicular stomatitis 
viruses than nontreated cells. The treatment was effective for 24 h; however, 
the cells became sensitive to the viruses after 48 h suggesting that repeated 
treatment would be required. A dose-dependent antiviral activity of cichoric 
acid, echinacoside and caffeic acid was observed in mouse L 929 cells 
(Cheminat et al., 1988). The authors also reported a substantial reduction in 
cell growth as the concentration of the components increased, with caffeic 
acid causing the most inhibition. The optimal cichoric acid concentration for 
reducing the infectiousness of vesicular stomatitis viruses by 5096 was 
125 ug/ml. Cichoric and caftaric acids inhibited the hyaluronidase enzyme; 
an enzyme produced by pathogenic organisms to penetrate tissue and cause 
infection (Facino et al., 1995). Thus, this may partly explain the reduction in 
viral infections in the presence of Echinacea. 

The CAP have been reported to inhibit HIV type 1 (HIV-1) integrase and 
HIV-1 replications at concentrations as low as 10 uM (McDougall et al., 
1998; King et al., 1999; Reinke et al., 2002). Cichoric acid inhibited 5096 of 
the integrase activity and blocked HIV-1 infections by 50% at concentrations 
of 0.3 and 4 pM, respectively (Robinson et al., 1996a,b). Hexane extracts of 
Echinacea roots were found to have antiviral activity against the Herpes 
simplex virus type 1 at a 0.12 mg/ml concentration (Binns et al., 20024). 

Wildfeuer and Mayerhoer (1994) noted a 45% increase in phagocytosis of 
Candida albicans by granulocytes treated with E. purpurea. Macrophages 
eliminate Listeria monocytogens and Candida albicans from internal organs of 
animals after polysaccharides, isolated from cell cultures, of Echinacea were 
added to model test systems (Roesler et al., 1991b; Steinmüller et al., 1993). 
Roesler et al. (1991b) found that 1 mg/ml concentration of polysaccharides 
enhanced the production of reactive oxygen intermediates (ROI) by 270% in 
J774-macrophage cells. However, concentrations greater than 1 mg/ml 
suppressed ROI. Liver cell macrophages treated with 0.2 mg/ml of 
polysaccharide suppressed the growth of Candida albicans by approximately 
95%. White blood cell counts were also found to significantly increase 2.5 h 
after injecting the mice with 0.2 mg of polysaccharides. The same 
polysaccharide dose was sufficient to protect 90 and 10096 of the mice 
infected with a LDgo dose of C. albicans and L. monocytogens, respectively 
(Roesler et al., 1991b). However, delaying the polysaccharide treatment for 
more than 18 h after administration of the microorganism to the mice was 
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ineffective in preventing animal death. A dose-dependent reduction in colony- 
forming units was reported in the spleen, liver and kidney after treatment with 
polysaccharides (Roesler et al., 1991b; Steinmüller et al., 1993). 

The in vitro antifungal activity of the lipophilic extracts and commercial 
tinctures of Echinacea was enhanced after exposure to UV irradiation (Binns 
et al., 2000). These authors noted that E. purpurea flowers and a commercial 
tea product were the only products that lacked antifungal activity after UV 
exposure. The photooxidation of the alkamide, ketoalkenes and ketoalkynes 
contributed to the enhanced antifungal activity (Binns et al., 2000). 


3. Anti-oxidant and anti-inflammatory activities 


Rininger et al. (2000) noted that standardized Echinacea extracts to 3—496 
phenolic acids did not necessarily equate to a greater radical scavenging 
activity. Product type appeared to have a greater impact on radical scavenging 
activity than the actual standardization process. Cichoric acid and other CAP 
were found to act as radical scavengers (Facino et al., 1995). Although not 
tested, verbascoside and 2-caffeoyl-cichoric acid would be expected to have 
similar radical scavenging activity. Facino ef al. (1995) reported that 
Echinacea protected collagen from free radical damage by scavenging the 
reactive oxygen species. Echinacoside and cichoric acid were found to 
prevent collagen degradation best followed by cynarin 7 caffeicacid and 
chlorogenic acid. Alcohol extracts of roots had greater radical scavenging 
activity than the leaf extracts irrespective of Echinacea species/variety 
(Sloley et al., 2001). However, E. purpurea had the highest radical 
scavenging activity among the three species. The radical scavenging activity 
of the alcohol extract was equivalent to 1—4% of that of pure AA. In contrast, 
pure cichoric acid has three times more scavenging activity than AA (Sloley 
et al., 2001). Alcohol root extracts of E. pallida prevented malondialdehyde 
(MDA) formation in catecholaminergic neuroblastoma SH-SY5Y cells better 
than E. purpurea and E. angustifolia. However, the MDA levels were not 
significantly lower than that observed in the control. The addition of iron to 
the test system resulted in a significant increase in MDA formation for all 
extracts and the control. The increase in MDA in the Echinacea-treated 
cells was significantly lower than that of the control. Again, cells treated with 
E. pallida had the lowest MDA formation. Irrespective of the Echinacea 
species/variety, the concentration of 0.5 mg/ml prevented MDA formation 
more than the 1 mg/ml concentration in the iron-free test system whereas the 
opposite was true for the iron-containing test system (Sloley et al., 2001). In 
contrast to the radical scavenging assay, the leaf extracts inhibited the 
formation of MDA greater than the root extracts. No clear trends were 
apparent with regard to Echinacea species/variety or concentration of the 
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additive having the greatest activity (Sloley et al., 2001). However, Hu and 
Kitts (2000) reported that E. angustifolia and E. pallida were more effective 
than E. purpurea in various in vitro assays and suggested that the antioxidant 
capacity was due to the high levels of echinacoside. 

The anti-inflammatory property of Echinacea has been associated with the 
alkamides and polysaccharides. However, a standardized extract containing 
4% phenolic acids was found to be more effective at inhibiting prostaglandin 
synthesis than the E. purpurea herb (Rininger et al., 2000). Recently, 
echinacoside has been shown to inhibit inflammation and wound healing in 
rats (Speroni ef al., 2002). Echinacea angustifolia root polysaccharide 
fraction (EPF) effectively inhibited a croton oil-induced edema when applied 
topically while an intravenous injection (0.5 mg/kg) inhibited a carrageenan- 
induced edema (Tubaro et al., 1987). The intravenous injection was slightly 
more effective than topical applications. Water extracts of E. angustifolia root 
(EAE) were less effective than the polysaccharide fraction at inhibiting 
carrageenan-induced edema. To achieve similar inhibition rates, 100 times 
more EAE was required compared to EPF. The application of Echinacea 
alkamides was shown to inhibit 5-lipoxygenase, a key enzyme in arachidonic 
acid metabolism to prostaglandins, via a competitive inhibition of the enzyme 
mechanism (Miiller-Jakic et al., 1994). Alternatively, radical scavenging 
activity of the highly unsaturated alkamides may reduce the oxidative 
reactions that may occur during arachidonic acid metabolism. Dodeca- 
2E,AE,8Z,10E/Z-tetraenoic acid isobutylamides had the highest inhibitory 
activity (62.6%) against 5-lipoxygenase. However, a hexane extract of 
E. angustifolia root inhibited 81.896 of the 5-lipoxygenase activity, 
suggesting that additional components are involved in the enzyme inhibition 
(Müller-Jakic et al., 1994). Alkamides (50 g/ml) from E. angustifolia root 
also were potent cyclooxygenase (COX) inhibitors (Müller-Jakic ef al., 
1994). Alkamides from E. purpurea roots were found to inhibit two COX 
isozymes (COX-I and COX-II) at a concentration of 100 pg/ml (Clifford 
et al., 2002; Raso et al., 2002). Alkamides inhibited the COX-I and COX-II 
by 36-60% and 15-46%, respectively. 


B. CLINICAL EVALUATIONS 


In general, the majority of the in vitro investigations support the biological 
activities of Echinacea. However, results from in vivo investigations are 
somewhat contradictory. More specifically, clinical investigations are less 
convincing due in part to the poor experimental design of the trials and the 
variability of Echinacea products tested. Virtually, all the clinical 
investigations prior to 1993 are flawed in some way or another. Only a few 
studies prior to 1993 used proper methodology such as randomized, 
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double-blind and placebo-controlled (RDBPC) studies (Dorn, 1989; Reitz, 
1990; Schmidt et al., 1990; Braunig et al., 1992; Bráunig and Knick, 1993). 
For further details regarding trials prior to 1993, see the reviews of Wills et al. 
(2000) and Melchart et al. (1994). Only clinical trials relevant to upper 
respiratory infections (URI) or the common cold will be highlighted below. 

Hydroalcohol tincture of E. purpurea and E. pallida roots effectively 
reduced the duration and symptoms of URI (Bràunig et al., 1992; Bráunig and 
Knick, 1993; Dorn et al., 1997). These clinical investigations were RDBPC 
studies that showed that 90 drops of E. purpurea or E. pallida root tincture/ 
day (i.e., equivalent to 900 mg root/day) shortened the duration of the URI by 
3.2 and 3.9 days for bacterial and viral infections, respectively. However, 
daily doses of 450 mg Echinacea did not significantly affect URI (Bräunig 
et al., 1992). Brinkeborn et al. (1999) used a four-armed RDBPC to evaluate 
three Echinacea products and a placebo as treatment for common cold. 
Subjects (246) were randomly placed into 1 of 4 groups and were instructed to 
take the preparation (2 tablets, 3 times daily) at the first onset of cold and visit 
a physician within 2 days of the cold onset. Group one received E. purpurea 
extract (6.78 mg, Echinaforce?— 9596 herb and 5% root), group two, a 
concentrated fresh E. purpurea (9596 herb and 596 roots; 48.3 mg), and the 
third group, a root extract of E. purpurea (29.6 mg). The fourth group was 
given a placebo. Reduction in mean physician assessed symptom index from 
day 1 or 2 to day 7 was 29% for the placebo, 45% for group three, and 63 and 
6446 for groups one and two, respectively. Groups one and two's physician 
assessments were significantly higher than group three and the placebo. Based 
on the dosage, groups one, two and three had daily Echinacea intakes of 
41,290 and 178 mg, respectively, suggesting that Echinacea intake was not 
the driving force behind the improved physician assessments observed in 
group one compared to group three (Brinkeborn et al., 1999). The efficacy of 
the treatments in groups one and two, as judged by physician was 
approximately 68 and 78%, respectively, and by patients was 78 and 84%, 
respectively. This study supports the earlier report that significant reduction 
in clinical cold symptoms was observed when patients were given 1500 mg 
E. purpurea/day (Brinkeborn et al., 1998). Again, the validity of the data can 
be supported by the use of RDBPC experimental design. Hoheisel ef al. 
(1997) and Schulten et al. (2001) evaluated the pressed juice product 
Echinacin? under a RDBPC study to determine clinical relevance of this 
Echinacea preparation. Treatment with Echinacin® shortened the duration of 
the cold by 4 days, with fewer symptoms and with 20% fewer subjects 
developing fully expressed colds (Hoheisel et al., 1997). Schulten et al. 
(2001) found that the duration of the cold was reduced by 3 days for subjects 
treated with Echinacin?; however, full expression of the common cold was 
not significantly different between the treatment group and the placebo group. 
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The treatment group did have significantly lower scores for rhinorrhea, nasal 
congestion and sore throats, suggesting that treatment with Echinacea could 
alleviate some symptoms of the common cold. Wüstenberg et al. (1999) 
reported similar results using the preparation Esberitox®, a product made 
with Echinacea root, wild indigo root and white cedar leaves. 

In contrast to the positive outcomes provided before, several reports have 
shown that Echinacea does not significantly reduce URI. Schóneberger (1992) 
found no significant differences in the frequency (although lower) and 
intensity of URI between the treatment group and placebo group. This study 
used the pressed juice of E. purpurea at a dose of 8 ml/day over 8 weeks and 
involved 108 patients. In five randomized placebo-controlled studies 
involving the same 134 patients, relative phagocytic activity of PNG and 
leukocytes number in peripheral blood cells were enhanced in only two of the 
five studies (Melchart et al., 1995). Of the two studies testing positive, only 
one used Echinacea as the sole source of immune-enhancing ingredient. In this 
study, ethanol extracts of E. purpurea (1000 mg) were taken orally for five 
days by the 134 patients. A 54% increase in phagocytosis was measured. 
Treatments containing various levels of ethanol extracts of E. purpurea root, 
E. pallida root and E. purpurea herb did not enhance phagocytosis or 
leukocytes in peripheral blood (Melchart et al., 1995). Schwarz et al. (2002) 
also reported that E. purpurea herb did not enhance phagocytosis activity of 
polymorphonuclear leukocytes. A three-armed RDBPC involving 302 
patients was conducted to evaluate the effects of E. purpurea and 
E. angustifolia root extracts on URI (Melchart et al., 1998). Approximately 
50 drops (91 mg) of the extracts were administered twice daily. Time to the 
first infections were 65, 66 and 69 days for the groups given a placebo, 
E. angustifolia root extract or E. purpurea root extract, respectively. The 
percentage of the patients infected were 37, 32 and 29% for groups given a 
placebo, E. angustifolia root extract or E. purpurea root extract, respectively. 
All data were not significantly different from the placebo groups, thus no 
benefit was observed (Melchart et al., 1998). In an experimental rhinovirus 
common cold model, patients treated with 900 mg/day dose of E. purpurea 
during a period of 14 days prior to and five days after viral challenge were not 
significantly protected from infection (Turner et al., 2000). Rhinovirus 
infection occurred in 44% of the subjects treated, compared to the 57% in the 
placebo group (p = 0.3). A common cold developed in 50 and 59% of subjects 
in the Echinacea and placebo groups, respectively. Grimm and Müller (1999) 
reported that 65 and 74% of Echinacea and placebo groups, respectively, had 
at least one cold or respiratory infection during the 8-week study. The average 
number of colds was 0.78 and 0.93 for the Echinacea and placebo groups, 
respectively. The duration of the colds was reduced by two days in the group 
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treated with the expressed juice of Echinacea diluted to 2296 w/alcohol 
(8 ml/day). However, this reduction in cold duration was insignificant. 

From the clinical evaluations reported to date, no clear recommendation 
can be drawn with regard to the effectiveness of Echinacea in clinical 
environments. However, the use of Echinacea as a treatment for colds or 
symptoms of colds are more strongly supported by clinical studies than using 
Echinacea as a prophylactic. The use of standardized extracts and dosages 
may be a better approach for evaluating Echinacea in clinical studies. 


C. SAFETY/TOXICOLOGY 
1. Safety of Echinacea 


Echinacea enhances the immune system via nonspecific, antigen-independent 
mode of action (Wüstenberg et al., 1999). With few exceptions, Echinacea has 
been found to be safe for consumption, with the number of adverse effects 
being minimal in many clinical investigations. However, the toxicological 
properties of Echinacea have not been fully explored. Only one report (Mengs 
et al., 1991) systematically evaluated the toxicological properties of 
E. purpurea, whereas other reports are afterthoughts with regard to safety. 
Mengs et al. (1991) used rat and mice models to assess the acute and 
subacute toxicities, mutagenicity and carcinogenicity. The LDso in rats was 
215,000 and >5000 mg Echinacea/kg when administered orally and 
intravenously, respectively. The Echinacea dosage needed to reach the LDso 
in mice was even higher at concentrations > 30,000 and > 10,000 mg/kg for 
oral and intravenous administration, respectively. Subacute toxicity was 
determined using oral doses of Echinacea at 800, 2400 or 8000 mg/kg daily 
(Mengs et al., 1991). A significant reduction in alkaline phosphatase was found 
in the male rats treated with 2400 and 8000 mg/kg; whereas, a significant rise in 
prothrombin time was found in female rats fed 2400 and 8000 mg Echinacea/ 
kg. Necropsy results and histology failed to show the differences between the 
treated and control animals; thus no subacute toxicity was noted. No toxicity 
was found in the bacterial mutagenicity assays used between 8 and 
5000 wg E. purpurea/plate. No statistical increase in mutation frequency 
was found in mouse lymphoma assays at concentrations up to 5000 ug/ml. 
In the human lymphocyte assay, mitotic inhibition was not detected at 
concentrations up to 5000 ug/ml; however, a significant increase in cells with 
aberrations was noted only at the 20h sampling and in the 5000 pg/ml 
treatment. Nonsignificance was retained at the 44h measurement. No 
significant increase in polychromatic erythrocytes was observed after the 
mice were administered a single oral dose of 25,000 mg E. purpurealkg 
(Mengs et al., 1991). The in vitro carcinogenicity confirmed the nontoxic effect 
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of other assays. See et al. (1997) reported that a 1000 ug/ml concentration of 
Echinacea was nontoxic based on viability of PBMC assays. 

No significant differences were observed in the number of malformations, 
live births, or spontaneous abortions between the control group and study 
group (Gallo et al., 2000). The study group consisted of 206 women who used 
Echinacea during pregnancy. Of the 206 women, 54% consumed Echinacea 
during the first trimester whereas only 8% consumed Echinacea in all three 
trimesters. Echinacea consumption varied between 250 and 1000 mg/day in 
tablets and from 5 to 30 drops of tincture per day. Gallo et al. (2000) 
recommended further testing on larger populations and suggested that 
standardized dosage may provide improved statistical power. 


2. Adverse reaction to Echinacea 


The use of Echinacea is not recommended for patients with autoimmune 
conditions, such as multiple sclerosis and AIDS, or those taking drugs to 
suppress immune response (e.g., corticosteroids) (Blumenthal, 1998; 
Gruenwald et al., 2000). However, these recommendations appear to be 
based on speculation more than rigorous, peer-reviewed research. Research is 
needed to further support or refute the claim that individuals with 
autoimmune conditions should not use Echinacea. 

The most notable adverse reaction to Echinacea was reported in Australia 
(Mullins, 1998, 2000). In this case, the subject orally consumed twice the 
recommended dose (patient consumed one teaspoon) of a 40% ethanol in 
water extract of Echinacea, which was the equivalent to 3825 mg of 
E. angustifolia (whole plant) and 150 mg dried E. purpurea root. Initial 
symptoms include burning of the mouth and throat, which is not an 
uncommon sensation when consuming Echinacea, followed by chest 
tightness, general urticaria and diarrhea. The subject recovered 2h after 
self-administration of promethazine. A 3 mm flare was observed in a skin 
prick test using the same extract ingested by the subject whereas a 3 mm 
wheal and 5 mm flare formed in the test from a glycerin extract from the same 
manufacturer (Mullins, 1998). Other dietary components consumed by the 
subject gave negative reactions. Additional testing using radioallergosorbent 
(RAST) revealed Echinacea-binding immunoglobulin E (IgE) in the subject's 
serum. The patient did decline a rechallenge of the other dietary supplements 
taken around the time of the Echinacea-associated anaphylaxis. Subsequent 
testing of 84 subjects, with asthma or allergic rhinitis, using the above 
mentioned Echinacea products resulting in 16 (or 1996) positive responses in 
the skin prick test. Only two of the 16 subjects had previously consumed 
Echinacea, raising the question of potential cross-reactivity of Echinacea 
proteins and other allergens. 
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Further evaluation of adverse reactions to Echinacea has been recently 
reported (Mullins and Heddle, 2002). In addition to the case (i.e., case 1) 
given above, four additional case studies showed that Echinacea caused 
adverse reaction in subjects. An acute asthma attack occurred along with itchy 
and watery eyes and runny nose after the subject ingested an Echinacea- 
containing tea. The skin prick test using the same extract as in case 1 
produced a 3 mm wheal. A third case involved a health professional who 
noted general urticaria, facial and upper airway angioedema, difficulty in 
swallowing and dizziness after consuming a tablet containing Echinacea. 
The skin prick test was negative to the same extract as in case 1, except that 
the extract was 1-year-old at the time the test was administered. However, a 
positive RAST score was reported. A third case involved the onset of asthma 
after ingestion of Echinacea-containing tablets. A 2 mm wheal formed after 
exposure to the 6-month-old extract used in case 1. The RAST test was 
negative for this subject. The final case involved the development of a pruritic 
rash after consumption of tablets containing Echinacea. Exposure to a 
5-month-old extract, used in case 1, in the skin prick test gave negative 
results. In addition to these five case studies, Mullins and Heddle (2002) 
summarized 51 reports of adverse reaction to Echinacea. Twenty-six (26) of 
the 51 reports were possibly IgE-mediated hypersensitivity. 

Other components in the Echinacea products may contribute to many of the 
adverse reactions reported, not only Australian, but also the United States, 
United Kingdom, Canada and New Zealand. Additional studies are needed to 
further support the IgE-mediated hypersensitivity reported in Echinacea-con- 
taining products. Studies could include growing and processing of Echinacea 
under environmentally controlled conditions, with the intent to minimize 
foreign contaminants, and administration of extracts to patients under super- 
vision. Although this would not represent real-world conditions, it may further 
support or refute the IgE-mediated hypersensitivity observed in subjects taking 
commercial Echinacea products. Additional work is also needed to identify the 
component responsible for the IgE-mediated hypersensitivity. 


V. ECHINACEA AS A FUNCTIONAL FOOD ADDITIVE 


Several reports have recently been published on the in vivo (Sloley et al., 
2001—see section IV, subsection 3) and in vitro (Hu and Kitts, 2000; 
Rininger et al., 2000) antioxidant activity. Hu and Kitts (2000) found that a 
methanol extract of E. pallida had a higher antioxidant activity than 
E. purpurea and E. angustifolia. In addition, the relationship between CAP 
and antioxidant activity was established. The CAP concentrations of 2.61, 
1.11, and 0.49% were found in E. pallida, E. angustifolia, and E. purpurea, 
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respectively, which correlated to the antioxidant activity. Hu and Kitts (2000) 
hypothesized that echinacoside may account for the antioxidant activity based 
on the observation that the E. purpurea lacked echinacoside and had the 
lowest antioxidant potential. Many of their antioxidant assays were applicable 
to biological systems other than foods. 

In an effort to find more efficient food antioxidants, the Food Chemistry 
Research Laboratory at North Dakota State University (Hall et al., 2001) has 
preliminarily evaluated the antioxidant capacity of Echinacea in oil systems. 
The oxidative stability of sunflower oil, using Rancimat (110°C), was 
determined as a means to evaluate the antioxidant efficiencies of the ground 
herbal and root portions of E. purpurea and E. angustifolia. With the 
exception of E. angustifolia root, all antioxidant activity increased as the 
concentration of Echinacea increased from 0.05 to 1% (Figure 9). 
The antioxidant activity of the 0.5 and 1% addition level of E. angustifolia 
root was lower than the 0.05 and 0.1% concentrations suggesting that 
sufficient concentrations of other components such as metals may have 
contributed to the limited antioxidant activity. Up to 480 ppm of iron can be 
found in the taproot of E. angustifolia (Hobbs, 1996). The roots of E. purpurea 
is more rhizome-like than a true taproot, which may result in a lower iron 
content and the lack of the observed decrease in antioxidant activity as 
concentration increased. 

A second study involved the addition of hexane and ethanol extracts of 
E. purpurea and E. angustifolia to stripped corn oil (50°C) and oxidation 
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FIG. 9 Sunflower oil stability (induction time (IT) sample/IT control) under Rancimat 
(110°C) conditions and in the presence of ground Echinacea (0.05— 196): E. purpurea herb 
(EPH) and root (EPR), and E. angustifolia herb (EAH) and root (EAR). 
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assessed using peroxide value. The ethanol extracts of the Echinacea roots 
significantly inhibited the oxidation of stripped corn oil to a greater extent 
than the other treatments (Figure 10). The 0.5% level of the ethanol root 
extracts was significantly better than the 0.05% concentration at preventing 
oxidation. The 0.5% concentration of the ethanol extracts of the herb was 
less efficient than the 0.05%; however, the peroxide values for both the 
treatments were higher than the control and thus were pro-oxidants. All 
other extracts of the herbal parts of Echinacea promoted the oxidation 
(Figure 10). A positive relationship existed between phenolic content of the 
extracts and antioxidant activity. A qualitative assessment using HPLC 
showed that the CAP levels for E. angustifolia root were higher than other 
Echinacea products (Hall et al., 2001). 

In addition to oil-stability evaluations, AA retention was evaluated in 
orange juice treated with E. purpurea and E. angustifolia extracts and 
stored at room temperature. Our initial studies at North Dakota State 
University showed that the addition of ground Echinacea plant tissue was 
ineffective at preventing AA loss. For example, only 8% of the AA 
remained after 48h in the orange juice treated with dried aerial parts. A 
30% loss of AA after 48 h was found in the control juice. In contrast, 91 
and 94% of AA was retained in the orange juice treated with ethanol 
extracts of the aerial parts and roots, respectively. In a subsequent study, 
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FIG. 10 Peroxide values of corn oil treated with various Echinacea extracts and 
concentration (0.05 and 0.596). Hexane extracts of E. purpurea herb (PHH) and root (PRH). 
Ethanol extracts of E. purpurea herb (PHE) and root (PRE). Hexane extracts of 
E. angustifolia herb (AHH). Ethanol extracts of E. angustifolia herb (AHE) and root (ARE). 
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FIG. 11 Ascorbic acid reduction in orange juice treated with various Echinacea extracts 
(1%): E. purpurea herb (EPH) and root (EPR), and E. angustifolia herb (EAH) and root 
(EAR). 


the plant materials were extracted sequentially using hexane, ethanol (95%) 
and ethanol:water (70:30), and the resulting extracts added separately to 
orange juice at 1%. At the 5-day measurement, the 70% ethanol extracts 
protected AA best with an average reduction in AA of 32%, compared to 
55 and 87% for hexane and ethanol (95%) extracts (Figure 11). In general, 
the E. angustifolia root provided the most protection against AA loss. We 
are currently characterizing the phytochemical constituents in the extracts 
to determine if a relationship exists between phenolic content or individual 
phenols and AA protection. In general, the addition of Echinacea had a 
positive effect on AA retention. 


VI. CONCLUSION 


Echinacea has been used for centuries as a medicinal plant and has been 
promoted recently as an immunostimulant. Research from the last two 
decades has shown that Echinacea can enhance the immune system using in 
vitro and in vivo indicators. Jager et al. (2002) reported that dodeca- 
2E,4E,8Z,10E/Z-tetraenoic acid isobutylamides could cross biological 
barriers via passive diffusion, suggesting that the alkamides may contribute 
to the in vivo effects noted by researchers. In contrast, conflicting results have 
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been reported during clinical evaluations of Echinacea, thus there is a need to 
standardize formulas to truly evaluate the effectiveness of Echinacea in 
biological systems. In addition, further research is needed to establish the 
safety of Echinacea in light of the reports published on adverse reactions to 
Echinacea. Recently, the National Institutes of Health awarded the University 
of Iowa and Iowa State University a 5-year, $6 million grant to establish a 
center to investigate Echinacea and St. Johns Wort as dietary supplements. 
This level of funding indicates the seriousness to which answers are needed 
regarding the true benefits and risks of consuming Echinacea. 
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I. INTRODUCTION 


It is well documented that dietary proteins possess nutritional, functional 
and biological properties, and that these are often affected by the 
technological processes used in food manufacture and processing (Korhonen 
et al., 19982). Proteins may also be added as functional ingredients to foods 
to emulsify, to bind water or fat, to form foams or gels, and to alter the 
flavor, appearance and texture (Anantharaman and Finot, 1993). The role of 
proteins as physiologically active components in the diet has been 
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increasingly acknowledged in recent years (Tomé and Debabbi, 1998; 
Walzem et al., 2002). Such proteins or their precursors may occur naturally 
in raw food materials, exerting their physiological action directly or upon 
enzymatic hydrolysis in vitro or in vivo. For example, several dietary 
proteins can act as a source of biologically active peptides. These peptides 
are inactive within the sequence of the parent protein, and can be released 
during gastrointestinal (GI) digestion or food processing. Once liberated, the 
bioactive peptides may provide different functions in vitro or in vivo. At 
present, milk proteins are considered the most important source of bioactive 
peptides, although other animal as well as plant proteins, especially soybean 
also contain potential bioactive sequences (Clare and Swaisgood, 2000; 
Korhonen and Pihlanto-Leppálá, 2001; Meisel, 2001). In addition, it is well 
documented that a number of amino acids possess specific physiological 
properties, both beneficial and detrimental; for example, they participate in 
many biochemical pathways and are precursors of active metabolites. In 
addition to essential amino acids, the amino acids that are considered 
physiologically beneficial include arginine, glutamine, histidine, lysine, 
taurine, tyrosine and tryptophan (Marshall, 1994). The best sources of these 
amino acids are meat, eggs and dairy products. 

This article reviews the current state of knowledge about the biological 
characteristics of the best known dietary proteins derived from various food 
sources. Also, the modern techniques available for isolation and enrichment 
of these proteins and their fractions are discussed, describing the current and 
potential fields of applications. 


Il. BIOACTIVE FOOD PROTEINS AND THEIR BIOLOGICAL 
FUNCTIONS 


A. MILK PROTEINS 


Normal bovine milk contains about 3.5% of protein, of which casein 
constitutes 80% and whey proteins 20%. The concentration changes 
significantly during lactation, especially during the first few days post 
partum, and the greatest change occurs in the whey protein fraction. It is 
believed that the natural function of milk proteins is to supply young 
mammals with the essential amino acids required for the development of 
muscular and other protein-containing tissues as well as with a number of 
biologically active proteins such as immunoglobulins, vitamin- and metal- 
binding proteins, and various protein hormones (for reviews see Fox and 
Flynn, 1992; Pakkanen and Aalto, 1997; Shah, 2000; Walzem et al., 2002). 
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Bovine casein is further divided into a,1-, o,5-, B- and k-casein, whereas 
human casein consists mainly of B-casein and a small fraction of k-casein. 
The bovine whey protein fraction contains two main components, a- 
lactalbumin (a-la) and B-lactoglobulin (B-lg), and several minor proteins. 
The major whey proteins in human milk are IgA immunoglobulin (Ig), 
lactoferrin (LF) and a-la, whereas no indigenous B-lg is present (Goldman, 
1993). The primary structures of most of the genetic variants of caseins and 
whey proteins are known. The secondary structures of the whey proteins have 
also been determined, and those of the caseins have been predicted from 
spectral studies. Caseins, although less ordered in structure and more flexible 
than the typical globular whey proteins, have significant amounts of 
secondary and tertiary structures (Sawyer and Holt, 1993; Swaisgood, 
1993; Walstra et al., 1999). A number of review articles and textbooks on the 
nutritional and biological properties of milk proteins have been published 
over the past 10 years (Mulvihill and Fox, 1994; Friedman, 1996; Korhonen 
et al., 1998b; McIntosh et al., 1998; Parodi, 1998; Tomé and Debabbi, 1998; 
Steijns, 2001). Table I presents a summary of the findings of recent research 
concerning the composition and main biological functions of the major 
bovine milk proteins. 


1. Caseins 


The current technologies used for large-scale fractionation of casein from 
milk are based on either acidic coagulation at an isoelectric pH of 4.6 or 
enzymatic hydrolysis of caseins with rennet (chymosin E.C. 3.4.23.4). The 
chemical compositions of both the casein preparations differ from each other, 
thus affecting their functional properties (Mulvihill, 1992). According to the 
present knowledge, caseins have no specific biological activity when 
occurring in their native form in mammary secretions. Those properties 
which lead to the formation of micelles by incorporating Ca?* and PO; ions 
in the mammary secretory cell, however, are physiologically significant. 
Casein micelles are primarily considered to have nutritional functions as they 
are good carriers of the above ions and, at the same time, an ample source of 
amino acids (Swaisgood, 1993; Walstra et al., 1999). 

Whole casein and individual casein fractions and their derivatives have been 
shown to modulate lymphocyte proliferation in vitro. Carr et al. (1990) found 
that o,;-casein can enhance the mitogen-stimulated proliferation of murine 
splenic T-Iymphocytes, when induced in in vitro cell culture at a concentration of 
10 °M. Wong et al. (1996b) showed that B-casein significantly enhances the 
mitogen-induced proliferation of ovine T- and B-lymphocytes in a dose- 
dependent manner, when added to in vitro cell culture. With k-casein, on the 
other hand, the opposite effect was found, as k-casein was suppressive for murine 


TABLEI 


CONCENTRATION AND SUGGESTED BIOLOGICAL FUNCTIONS OF MAJOR PROTEINS OF BOVINE COLOSTRUM AND MILK 


Protein Concentration (g/l) Suggested or established References 
biological functions 
Colostrum Milk 
Caseins (a, B and k) 26 28 Ion carrier (Ca, PO,, Fe, Zn, Cu), Walstra et al. (1999); Vegarud 
precursor of bioactive peptides, et al. (2000) 
immunomodulation 
p-Lactoglobulin 8.0 3.3 Retinol carrier, binding fatty acids, Perez and Calvo (1995); 
potential antioxidant, precursor for Pihlanto-Leppala (2001); 
bioactive peptides Walzem et al. (2002) 
a-Lactalbumin 3.0 1.2 Lactose synthesis in mammary gland, Pihlanto-Leppala (2001); 
Ca carrier, immunomodulation, Walzem et al. (2002) 
anticarcinogenic, precursor for 
bioactive peptides 
Immunoglobulins 20-150 0.5-1.0 Specific immune protection (antibodies Butler (1994); Korhonen et al. 
and complement system), potential (2000a,b) 
precursor for bioactive peptides 
IgG1 46.4 0.60 
IgG2 2.9 0.06 
IgM 6.8 0.09 
IgA 5.4 0.08 
Glycomacropeptide NA 1.2 Antimicrobial, antithrombotic, bifido Abd El-Salam et al. (1996); 
genic, gastric regulation Brody (2000) 
Lactoferrin 1.5 0.1 Antimicrobial, antioxidative, Schanbacher et al. (1998); 


anticarcinogenic, anti-inflammatory, 
immunomodulation, iron transport, 
cell growth regulation, precursor for 
bioactive peptides 


Steijns and van Hooijdonk 
(2000); Walzem et al. (2002) 


8LI 


NHNOH31OPI 'H ANY OLNVTHId 'V 


TABLEI (continued) 


CONCENTRATION AND SUGGESTED BIOLOGICAL FUNCTIONS OF MAJOR PROTEINS OF BOVINE COLOSTRUM AND MILK 


Protein Concentration (g/l) Suggested or established References 
biological functions 
Colostrum Milk 

Lactoperoxidase 0.02 0.03 Antimicrobial, synergistic effect with Kussendrager and van Hooijdonk 
Igs and LF (2000) 

Lysozyme 0.0004 0.0004 Antimicrobial, synergistic effect with Shah (2000) 
Igs and LF 

Serum albumin 1.3 0.3 Precursor for bioactive peptides, Walstra et al. (1999) 
binding fatty acids 

Proteose-peptones NA 1.2 Potential mineral carrier Walstra et al. (1999) 

Growth factors Cell growth stimulation and Pakkanen and Aalto (1997); 
differentiation, intestinal cell prot- Schanbacher et al. (1998); 
ection and repair, wound healing, Xu (1998); Playford et al. 
regulation of immune system (2000) 

IGF-1 50-2000 ug/l <10 ug/l 

IGF-2 200—600 ug/l <10 ug/l 

TGF-B 20-40 mg/l 1-2 mg/l 

EGF 4—8 mg/l «2 ug/l 

Complement Antimicrobial, anti-inflammatory, Korhonen et al. (20002) 


components (C1—C9) 


NA, not announced. 


pro-inflammatory 
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and rabbit lymphocyte proliferation induced by a range of T- and B-cell 
mitogens (Otani and Hata, 1995). The major immunosuppressive effect of 
K-casein has been reported to be due to the glycomacropeptide (GMP) 
component (Otani et al., 1992). Different-sized subfractions of GMP possess 
different modulatory capabilities, the low carbohydrate-containing fractions 
showing no suppressive activity whereas others with a higher sugar content 
being potent suppressants. In particular, those with a high N-acetylneuraminic 
acid content exhibit strong activity against T- but not against B-lymphocytes 
(Otani et al., 1995). Digestion of GMP with different commercial enzymes 
affects its modulatory potential. In general, pepsin, chymotrypsin or neurami- 
nidases tend to ablate the immunosuppressive potential, whereas trypsin, 
pancreatin or pronase have less effect or even enhance the degree of suppression 
in some enzyme-digested fractions (Otani and Monnai, 1995). Extensive 
research on k-casein and its derivatives has demonstrated a wide range of 
immunomodulatory effects. While intact casein may only modulate the 
B-lymphocyte function, k-casein and its subfractions and digestion products 
have the potential to affect T- or B-lymphocytes, or both, or have no effect. 
Immunoregulatory proteins and peptides in bovine milk have recently been 
reviewed by Cross and Gill (2000) and Gill et al. (2000). 


2. Whey proteins 


Apart from being a source of nitrogen, whey proteins act as carriers for 
ligands and trace elements and have various biological functions. Also, the 
major whey proteins, o-la and B-lg, are known to possess diverse functional 
properties which can be employed in different applications (Jost, 1993; 
Mulvihill and Fox, 1994; Kelly and McDonagh, 2000). In normal milk, the 
concentration of whey proteins ranges from 4 to 7 g/l, as compared to about 
28 g of casein. Whey proteins are known to have high nutritional value due to 
their varied amino acid composition and good digestibility (de Wit, 1998). 
They are a very heterogeneous group of proteins that remain in the serum or 
whey after precipitation of the caseins with acid at pH 4.6 or with rennet. In 
the following, the main characteristics and suggested health effects of the 
major whey proteins are discussed in more detail. 


a. Total whey proteins. Many of the whey proteins are claimed to possess 
physiological properties, most of which are related to the immune or digestive 
systems. Evidence from animal and cell culture studies suggests that the whey 
proteins have anticarcinogenic and immunomodulatory properties (Guimont 
et al., 1997; McIntosh et al., 1998). A whey protein diet has been shown to 
significantly inhibit the development of chemically induced colon tumors 
in mice (Bounous et al., 1989). This finding has later been confirmed 
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and extended by McIntosh et al. (1995), who demonstrated a protective role for 
whey protein against the development of tumors in the GI tract. They showed 
that dietary whey protein and casein were more protective against the 
development of intestinal cancers in rats than was red meat or soybean protein. 
Cell culture studies have demonstrated that whey protein or whey protein 
components selectively inhibit cancer cell growth (Parodi, 1998). Whey 
protein, cultured with the oestrogen-responsive human breast cancer cell line 
and a prostate cancer cell line, significantly reduces cell growth. Bounous et al. 
(1991) proposed a possible mechanism for the anticancer effect. The authors 
suggested that the protective efficacy of dietary whey protein concentrate 
(WPC) could be due to whey proteins enhancing the tissue glutathione 
concentration, since whey protein is known to be rich in substrates for 
glutathione synthesis. Moreover, whey, especially B-lg, is a good source of 
cysteine, which is an essential amino acid for glutathione synthesis. The 
presence of high levels of glutathione in tissues has been suggested to suppress 
tumor development at various sites in the body, possibly by reducing free 
radical and oxidant-induced damage to chromosomal DNA. Furthermore, 
glutathione transferase enzymes catalyse the conjugation of potentially 
damaging chemical mutagens and carcinogens, which can then be eliminated 
from the body (Parodi, 1998). Bounous et al. (1989) reported that mice fed on 
diets containing WPC as a protein source had higher liver and heart tissue 
levels of glutathione than mice fed on diets containing casein or mouse chow. 
Similar results have been obtained by McIntosh et al. (1995), who found that 
liver glutathione concentration was highest in WPC- and casein-fed rats and 
lowest in soybean protein-fed rats. These studies indirectly support the role of 
whey proteins in enhancing tissue glutathione levels and thus providing a 
degree of protection against tumor development. In a recent review by 
Bounous (2000), case reports are presented which suggest an anti-tumor effect 
of a whey protein dietary supplement in patients suffering from urogenital 
cancers. In addition, results from a preliminary clinical trial carried out by 
Bounous et al. (1993) suggested that dietary whey proteins may have beneficial 
effects in human immuno-deficiency virus (HIV) infected patients. In another 
recent study, (Micke eft al., 2001) short-term (14 days) oral supplementation 
(45 g/day) with whey protein formulas increased plasma glutathione levels of 
glutathione-deficient patients with advanced HIV-infection. Further clinical 
studies are warranted to establish the efficacy of whey protein supplementation 
in the therapy of these fatal diseases. 

Milk-derived whole whey proteins, whey protein hydrolysates and 
individual whey proteins have been shown to modulate lymphocyte functions 
in vitro. Whole whey protein was demonstrated to suppress bovine T- 
lymphocyte mitogenesis at a concentration of 1.1 ng/ml in cell culture (Torre 
and Oliver, 1989a,b). Wong et al. (1996a, 1998b) observed that bovine 
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lactoperoxidase (LP) suppressed ovine T-cell mitogenesis in vitro, although, 
similar to LF, it had no measurable effect on B-cell proliferation. In further 
studies Wong et al. (1998a) observed that B-lg significantly increased cell 
proliferation and the production of IgM in murine spleen cells. Both alkaline 
treatment and trypsin digestion of the B-lg preparation markedly reduced its 
effectiveness. Otani and Mizumoto (1998) reported that bovine and human 
a-la suppressed mitogen-induced proliferative responses of mouse spleen 
cells stimulated by T- and B-lymphocyte mitogens, and that a-la had 
cytotoxicity towards mouse spleen cells. It has been further reported that 
bovine milk IgG, but not serum IgG, inhibits pokeweed mitogen-induced 
antibody secretion by human peripheral blood mononuclear cells (Kulczycki 
et al., 1987). 

In contrast to the majority of reports which give characterised whey- 
derived proteins as predominantly immunosuppressive in in vitro culture, 
many in vivo studies suggest that whey proteins stimulate lymphocyte 
function following an in vivo exposure. Wong and Watson (1995) reported 
that mice fed on whey protein-enriched diets had significantly elevated 
spleen-derived T- and B-cell proliferative responses to mitogens, compared to 
animals fed on control (soy- or wheat-based) protein diets. According to 
studies by Debbabi et al. (1998), oral delivery of LF enhanced murine 
antigen-specific lymphocyte responses in both Peyer’s patch and spleen cell 
extracts, indicating that dairy products have the potential to affect local as 
well as systemic lymphocyte function. 

Monnai et al. (1998) indicated that dietary GMP has an immunosuppres- 
sing activity in mice. They observed enhanced proliferative response to 
T-lymphocytes, whereas no significant changes were noted for B-lymphocyte 
responses. These reports provide evidence that bovine whey proteins can 
modulate lymphocyte function, but there is clearly a need for further studies 
to establish whether these in vivo effects are manifested when the proteins are 
included in diets. 

Furthermore, the antihypertensive effect of whey proteins has been 
revealed in recent studies. Wu et al. (1998) showed that a diet supplemented 
with whey minerals had a clear antihypertensive effect. The development of 
hypertension was markedly attenuated and the systolic blood pressure (SBP) 
was about 50 mmHg lower in spontaneously hypertensive rats (SHR) 
receiving a diet supplemented with whey than in the control SHR group. 
Blood pressures in the normotensive Wistar—Kyoto rats remained compar- 
able during the whole study. 


b. a-Lactalbumin. a-la is a subunit of lactose synthase, the modifier 
protein in lactose biosynthesis, and is a calcium-binding metalloprotein. a-la 
appears to be of major importance from a nutritional point of view, as it is 
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readily digestible and its amino acid composition meets the amino acid 
requirements of a newborn baby (Sawyer and Holt, 1993). AII biological 
functions of a-la, have not yet been elucidated, but it has been suggested, that 
it possesses, e.g. immunomodulatory and anticarcinogenic properties 
(McIntosh et al., 1998; Parodi, 1998). Studies by Hakansson et al. (1995, 
1999) that indicate a multimeric a-la from human milk induced apoptosis in 
tumor cells and immature cells. Apoptosis-inducing activity of a-la was also 
shown to depend on the three-dimensional structure of the protein, which was 
different from the native form (Svensson et al., 1999). Moreover, Matin et al. 
(2001) found that bovine, goat and human a-la displayed cytotoxicity towards 
mouse spleen cells and that the activity was significantly induced when the 
fractions were treated at acidic pH. Thus, these facts support that a-la 
achieves cytotoxic ability toward lymphocytes via formation of a multimeric 
state. Accordingly, it appears that a-la may play an important role in the 
intestinal tract of suckling mammals by restricting some cell populations 
unwelcome by mammals. 


c. B-Lactoglobulin. The physicochemical and functional characteristics 
of B-lg are quite well known, but its biological function is not yet clear. 
Bovine B-lg is included in the lipocalin family and its ability to bind a 
variety of small hydrophobic molecules, such as retinol, lipids and fatty 
acids, is well documented. The globular structure of B-lg is stable against 
the acids and proteolytic enzymes present in the stomach. In this respect, 
B-lg is more resistant than a-la (Perez and Calvo, 1995). Yoshida et al. 
(1991) reported that bovine milk proteins, including B-lg, bind mutagenic 
heterocyclic amines, which have an effect on cell proliferation. This binding 
was higher at pH conditions above 7.4 and was lost at a pH less than 5.5. 
These interactions have led to the assumption that B-lg may be a transporter 
of small hydrophobic compounds (Perez and Calvo, 1995). Zsila et al. 
(2002) showed that all trans-retinoic acids bind to the hydrophobic 
internal cavity of B-lg. Below pH 7, retinoic acid starts to dissociate from 
its binding site, the ligand release is completely reversible upon 
neutralisation of the solution. This behaviour is explained by the 
conformational change of B-lg from open to closed conformation in the 
course of pH lowering. Intestinal receptors specific for B-lg and the protein’s 
resistance to proteolytic activity in the stomach might indicate that it is 
involved in retinol transport from mother to neonate. However, little 
endogenous retinol is found bound to B-lg when it is first purified and the 
ligand most closely associated with the protein is palmitate. However, 
facilitation of vitamin uptake must remain a possibility. For example, B-lg 
might bind to a cell-surface receptor in such a way as to enhance 
the receptor's interaction with retinol (Knotopidis et al., 2002). In addition, 
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the A and B variants of B-lg have been shown to exhibit different mitogenic 
activities in vitro (Moulti-Mati et al., 1991). The potential immunomodu- 
latory properties of B-lg have been demonstrated by Wong et al. (19982) and 
discussed previously. 


d. Lactoferrin 

General. LF is an iron-binding glycoprotein which is closely related to 
serum transferrin, also occurring in milk but in a lesser amount. All 
mammals seem to be able to produce these iron-binding proteins in milk, 
although their concentrations vary between species. LF is synthesised in the 
mammary gland and in other exocrine glands and, consequently, is found in 
all external secretions—for example, in saliva, pancreatic fluid, tears, sweat, 
seminal and synovial fluids, as well as in leukocytes (Masson and Heremans, 
1966). Human milk is particularly rich in LF, with concentrations ranging 
from <1 to 16 g/l in colostrum and being about 1 g/l in mature milk. In 
bovine colostrum, the LF amount ranges from 0.2 to 5 g/l and decreases to 
about 0.1 g/l in mature milk. Very high concentrations (up to 50 g/l) of LF 
are found in secretions of non-lactating human and bovine mammary glands. 
In mastitic milk, the concentration of LF increases many-fold due to the 
high amounts of LF being released from activated leukocytes (Bishop et al., 
1976; Korhonen, 1977; Hambraeus and Lónnerdal, 1994). The high affinity 
of LF for iron is a property that is linked to the majority of its proposed 
biological activities. Many non-iron-related functions, such as immunomo- 
dulatory and anticarcinogenic, have been described as well. Apart from its 
antimicrobial and antioxidative properties, LF is proposed to enhance the 
bioavailability of iron, stimulate the immune system and modulate the 
intestinal microflora (Lónnerdahl and Iyer, 1995; Nuijens et al., 1996). In 
view of these functions, LF is considered to play an important role in the 
natural non-specific defence system of the body. Thus, based on the above, 
LF has been applied in infant formulas and has found increasing use in the 
area of functional foods, sports nutrition and health supplements (Steijns and 
van Hooijdonk, 2000). 

Structure and biochemical properties. LF is composed of a single-chain 
polypeptide sequence of about 700 amino acids. Shared antigenic 
determinants have been demonstrated among human, bovine and pig LF. 
The molecular and spatial structure of human and bovine LF have been 
characterised in detail and also the genes for human and bovine LF have been 
cloned and sequenced (Spik et al., 1994a; Baker et al., 1998). The molecular 
weight (MW) of human LF is between 77,000 and 82,000 Da, depending on 
the attached carbohydrates, and the molecule contains 16 disulphide bonds. 
Bovine LF has a MW of about 80,000 Da and it differs from human LF with 
regard to a few amino acids and the glycan side-chain. The role of the glycans 
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has not been elucidated, but they may aid in the protection of LF against 
proteolytic enzymes. Each LF molecule can bind two ferric ions (Fe**) with 
the concomitant incorporation of a bicarbonate or carbonate ion. The affinity 
of LF to bind iron is very high, about 300 times higher than that of transferrin, 
which has the iron-transporting function in serum. The bound iron is strongly 
attached to the LF molecule even in an acidic medium of pH 3, but is 
dissociated in the presence of strong iron scavengers such as a citrate ion 
(Reiter, 1985). The rate of iron saturation of LF is relatively low in human 
milk, about 6—8%, as compared to 20-30% of bovine LF. In its natural state, 
LF has a salmon pink colour whose intensity depends on the degree of iron 
saturation. Iron-depleted LF with less than 5% saturation is called apo-LF, 
whereas the iron-saturated form is referred to as holo-LF. In addition to iron, 
LF also binds other metal ions like copper, cobalt, zinc and manganese 
(Steijns and van Hooijdonk, 2000). LF is positively charged and strongly 
binds different polyanions. However, at a low pH, e.g., in the stomach, LF is 
cleaved by pepsin into several polypeptides, some of which have strong 
antimicrobial properties. LF has a very high isoelectric point (pI), 9.4 and 9.5 
for bovine and human LF, respectively. 

Technological properties. The technological properties of bovine LF 
have been recently reviewed by Steijns and van Hooijdonk (2000). The 
thermal stability of LF has been mainly studied in model systems using 
buffered aqueous solutions or when added to milk. According to many 
experimental studies, the standard pasteurisation regimes (72°C/15 s) used 
in the dairy industry have practically no effect on the LF structure, 
antibacterial activity or bacterial interaction. Also, preheating at 70°C for 
3 min followed by ultra high temperture (UHT) treatment (130°C/2 s) leads 
to loss of only 3% in residual iron-binding capacity. UHT treatment, 
however, abolishes both the ability of iron-saturated LF to bind to bacteria 
and the bacteriostatic activity of apo-LF (Paulsson et al., 1993). A marginal 
loss of LF activity has been observed in spray drying of milk. Apo-LF 
denatures faster than holo-LF in the above heat treatments. LF seems to 
protect unsaturated fatty acids against oxidation and may contribute to the 
extension of the shelf-life of iron-enriched and high-fat dairy foods and 
plant-derived foods (Lindmark-Mansson and Akesson, 2000; Steijns and 
van Hooijdonk, 2000). 

Biological functions. The potential biological role of LF has been studied 
extensively over the last 30 years. Originally, the function of LF was 
considered essentially antimicrobial, but later, this glycoprotein has proven to 
be far more multifunctional. At present, the major known or speculated in vivo 
activities of LF may be summarised as follows (Hambraeus and Lónnerdal, 
1994; Hutchens et al., 1994; Nuijens et al., 1996; Spik et al., 1998; Baveye 
et al., 1999): 
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(1) Defence against infections of the mammary gland and the GI tract 
(antimicrobial activity, modulation of the immune system). 

(2) Nutritional effects (bioavailability of iron, source of amino acids). 

(3) Mitogenic and trophic activities on the intestinal mucosa. 


These activities will be discussed further below: 

Antimicrobial effect. The in vitro antibacterial, antifungal and antiviral 
activities of LF are well demonstrated and have been reviewed in many 
excellent articles (Reiter, 1985; Hutchens ef al., 1994; Naidu and Arnold, 
1997; Vorland, 1999). LF exerts its antimicrobial effects by various 
mechanisms, which can be divided into two main patterns: 


(a) iron sequestering in order to produce iron deprivation, and 
(b) binding of LF or its cleavage products to membrane structures of 
microbes so as to disrupt the functions and integrity of cell membranes. 


The best known mechanism is mediated by binding iron from the 
environment to apo-LF. Iron is an essential factor for the growth of many 
microorganisms and an important factor for the virulence of many pathogenic 
bacteria. Deprivation of iron in the medium by LF has been demonstrated 
to lead to inhibition of growth of a variety of bacteria and yeasts in vitro, 
e.g., Escherichia coli, Klebsiella, Salmonella, Proteus, Pseudomonas, 
Listeria, Bacillus, Streptococcus and Candida albicans. 'The iron deprivation- 
related bacteriostatic effect is most pronounced with respect to E. coli, while 
some other bacterial strains, e.g., Streptococcus lactis and Lactobacillus casei, 
are unaffected by this mode of action. On the other hand, LF may have a direct 
bacteriostatic or bactericidal effect on Gram-negative bacteria by destabilising 
their outer membrane, which results in the liberation of lipopolysaccharide, 
(LPS) (Ellison et al, 1988; Erdei et al., 1994). Enhanced synergistic 
antibacterial action of LF is achieved in the presence of specific antibodies 
or lysozyme (LZM) (Spik et al., 1978; Stephens et al., 1980; Rainard, 1986; 
Ellison, 1994). Some iron-requiring pathogenic microorganisms have 
receptors for the uptake of LF and may exploit iron (bound in LF) for 
promoting their growth and pathogenicity. Such microorganisms include, 
Helicobacter pylori, Neisseria sp., Treponema and Shigella sp. These bacteria 
may, thus, benefit from the inflammatory reaction of the host. 

LF has been demonstrated to inhibit in vitro the multiplication of different 
viruses, such as human cytomegalovirus, HIV, herpes simplex viruses | and 
2, influenza virus, human hepatitis C virus and human poliovirus type 1 
(Vorland, 1999). Also, LF has been shown to prevent rotavirus infection in 
the human enterocyte-like cell-line HT-29 (Superti et al., 1997). It is 
speculated that LF prevents the binding of viruses to the host cells by 
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interaction with cell-surface glycosaminoglycans and low-density lipoprotein 
receptors, which act as binding sites for some enveloped viruses. 

Partial hydrolysis of the LF molecule by heat as well as by pepsin results 
in the formation of an antibacterial peptide referred to as lactoferricin, 
which exerts a much stronger antimicrobial effect than the intact molecule 
(Section IILA.5.). 

There is an increasing evidence suggesting that innate LF is actively 
involved in the prevention of certain microbial infections in vivo. Also, orally 
administered bovine LF may be beneficial in the prevention and treatment of 
various microbial infections in humans and farm animals. As reviewed by 
Reiter (1985), LF has been shown to prevent udder infections in cows during 
the non-lactating period. Furthermore, LF-supplemented feeds have proven 
beneficial in lowering the incidence of scouring in newborn calves and 
piglets. Promising results have also been obtained in many animal model 
studies. Feeding of bovine LF or lactoferricin to pathogen-free mice has been 
found to be effective in suppressing the growth of various intestinal bacteria, 
e.g., clostridia, and bacterial translocation of E. coli from the intestine into 
other organs (Teraguchi et al., 1995a,b). Zagulski et al. (1989) have shown 
that the feeding of relatively small amounts of LF can protect mice against a 
lethal dose of E. coli in an experimental infection. 

Recently, Wada et al. (1999) have demonstrated that a daily oral dose of 
10 mg of bovine LF for 3—4 weeks to H. pylori-infected mice significantly 
decreased the number of this bacterium colonising in the stomach. The 
authors suggested that the glycans present in LF may bind to the bacterial 
adhesins, thus interfering with the attachment of H. pylori to the epithelial 
cells. These findings are supported by another mouse model study (Dial et al., 
1998), which showed that oral administration of 4 mg of bovine LF per day 
for 3 weeks reduces gastric urease activity and H. pylori colonisation in the 
stomach. 

The potential contribution of the ingested LF against microbial infections 
in humans still remains to be proven, although it was first suggested about 30 
years ago by Bullen et al. (1972). Bottle-feeding of human infants with LF- 
supplemented infant formulas has been shown to reduce the number of 
coliform bacteria marginally and to increase the number of bifidobacteria in 
faeces similarly (Roberts et al., 1992). There is direct evidence for the 
generation of lactoferricin in the human stomach after ingestion of bovine LF 
(Kuwata et al., 1998). The significance of this finding remains to be 
elucidated further. 

Modulation of the immune system and inflammatory response. There is 
solid evidence that LF modulates host defence systems by acting through 
multiple mechanisms, for example, by modulating the immune system 
and inflammatory responses (Spik et al., 1994b; Baveye et al., 1999; 
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Conneely, 2001). LF has the ability to bind to the surface of several types of 
immune cells, which suggests that it can modulate immune functions. Both 
stimulatory and inhibitory effects of LF on lymphocyte proliferation have 
been described in the literature. LF has been reported to induce in vitro 
maturation of T- and B-lymphocytes, to modulate the activity of natural killer 
cells and to enhance the phagocytic activity of neutrophils. In mice, bovine 
LF has been shown to induce both mucosal and systemic immune responses 
(Debbabi et al., 1998). Cell-culture studies have demonstrated that LF and 
peptides derived from LF influence the production of various cytokines which 
regulate the immune and inflammatory responses of the body (Crouch et al., 
1992; Shinoda et al., 1996). 

The inflammatory response appears to be modulated by LF through a 
variety of mechanisms which still remains unclear. Baveye et al. (1999) and 
Vorland (1999) have reviewed recent studies on the subject, which will be 
described briefly in the following. 

LF has been found to suppress the inflammatory response to bacterial 
endotoxin by binding bacterial LPS and preventing its interaction with and 
activation of leukocytes. LF also seems to be involved in reducing the 
formation of free oxygen radicals during inflammatory processes. In 
particular, LF appears to prevent peroxidation of cell-membrane lipids. 
Further, LF increases the cytotoxicity of natural killer cells in vitro, but the 
mode of action is not known. Human LF inhibits complement-mediated lysis 
of antibody-coated red blood cells and has been reported to have an anti- 
coagulant effect in vitro. The possible in vivo importance of these reactions, 
however, is not known. Moreover, it has been shown that LF is transported 
into the cell nucleus where it can bind DNA, suggesting that LF may regulate 
the phenotypic traits of the host. 

Recent studies further suggest that LF may have a role in the development 
and progression of tumors (Tsuda et al., 2002). Orally administered bovine 
LF has been found to inhibit the development of tumors in the colon, 
oesophagus and lung carcinogenesis in a rat or mouse model, but the mode of 
action remains to be resolved (Sekine et al., 1997; Ushida et al., 1999; Kuhara 
et al., 2000). The anti-tumor activity may be mediated by the enhanced 
cytokine production or the activating effect on natural killer cells and be 
independent of the iron-saturation level. 

It has also been suggested that LF exerts mitogenic and trophic effects in 
the GI tract (Hambraeus and Lónnerdal, 1994). The potential regulatory role 
of LF in the intestinal maturation of the infant, however, warrants further 
research, as the observed effects may have been of non-specific character. 

Nutritional significance. As one of the major whey proteins in human milk 
and also relatively abundant in bovine colostrum, LF is of interest as a dietary 
source of amino acids as well as for the bioavailability of iron. LF has an 
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amino acid composition that indicates a high nutritional value, but this is 
perhaps not its main role, since it is known to be quite resistant to digestive 
enzymes (Spik et al., 1994a). Although the amount of intact LF found in 
faeces constitutes only about 1046 of the amount ingested, this is thought to be 
supportive of a physiological role for LF in the gut of the infant. LF, may thus 
exert its biological functions in an undigested and partially digested form in 
the GI tract. In infants and adults with a pepsin-secreting stomach, gastric 
digestion of lacteal LF probably releases antimicrobial peptides. These 
peptides may also be capable of binding to lymphocyte receptors, suggesting 
effects on the balance of microbial flora and regulation of the intestinal 
mucosal immune system. So far, clinical evidence to substantiate such 
functions is lacking. In addition, the role of LF in the absorption of iron from 
milk remains controversial. The high bioavailability of iron from human milk 
and the discovery of LF receptors on intestinal brush border membranes of 
many species provide a basis for the assumption that LF promotes iron 
absorption in breast-fed infants. However, animal model studies with human 
LF and bovine LF as well as clinical studies in infants fed a formula 
supplemented with bovine LF have failed to show any significant improve- 
ment in iron absorption (Lónnerdahl and Iyer, 1995). It has been suggested 
that the absorption capacity is affected by the highly species-specific 
receptors of LF, which may have an impact on the uptake of iron by 
endocytosis. Again, further research is needed on this specific issue. 

Commercial applications. Over the last decade, bovine LF has been 
commercialised in various applications, e.g., in milk-based infant formulas, 
health supplements, functional foods and drinks, cosmetics, oral care 
products, chewing gums and feed supplements (Steijns, 2001). Such products 
are targeted at optimal iron delivery, mimicking human breast milk or 
boosting natural defense systems against infections. Also, LF could be 
exploited as a natural antioxidant due to its strong ability to bind iron, which 
is an important catalyst for free radical formation inside the cells. 


(e). Lactoperoxidase. Lactoperoxidase (LP; EC1.11.1.7) is found in the 
mammary, salivary and lachrymal glands of mammals and in their respective 
secretions, e.g., in milk, saliva and tears. The biological significance of LP is 
related to the natural host defence system against invading microorganisms. 
In bovine lacteal secretions, LP is one of the indigenous antimicrobial agents. 
In the presence of H202, LP catalyses the oxidation of thiocyanate anions 
(SCN ) and certain halides, and produces intermediate products with 
antimicrobial properties. This mechanism is generally referred to as the LP- 
system. The physicochemical properties of LP were recently reviewed by 
Kussendrager and van Hooijdonk (2000). Bovine LP consists of a single 
polypeptide chain containing 612 amino acid residues. Its amino acid 


190 A. PIHLANTO AND H. KORHONEN 


sequence is known and the MW is approximately 78,000 Da. LP is a basic 
protein having a high isoelectric point of 9.6. Bovine LP has been found 
resistant in vitro to acidity as low as pH 3 and to human gastric juice. Also, it 
is relatively heat-resistant and is only partially inactivated by short-time 
pasteurisation at 74°C. LP is, next to xanthine oxidase, the most abundant 
enzyme in bovine milk and colostrum, with concentrations ranging between 
13-30 and 11-45 mg/ml, respectively (Korhonen, 1977; Carmen et al., 
1990; de Wit and van Hooijdonk, 1996). 

The thiocyanate anion is widely distributed in animal tissues and 
secretions. Its concentrations in bovine serum and milk depend on the 
feeding regime of the animal. Plants belonging to the genus Brassica, e.g., 
cabbage, are particularly rich in SCN precursors (Reiter and Perraudin, 1991). 
Hydrogen peroxide may be generated in milk endogenously, e.g., by 
polymorphonuclear leukocytes in the process of phagocytosis (Korhonen and 
Reiter, 1983). Under aerobic conditions many lactobacilli, lactococci 
and streptococci may produce sufficient H5O» to activate the LP system. 
H20, can also be provided by addition to the system in an aqueous or 
bound form, e.g., as sodium percarbonate or magnesium peroxide. Also, 
H35O»5-producing enzymatic systems such as glucose/glucose oxidase and 
hypoxanthine/xanthine oxidase have proven effective means of generating 
H20; for the LP system (Reiter and Perraudin, 1991). 

The mechanism of action of the LP-system has been a subject of intensive 
study ever since the discovery of the antibacterial activity of LP in the 1960s 
(Reiter and Oram, 1967). This complex mechanism is now fairly well 
characterised and has been reviewed in many articles (Reiter and Hárnulv, 
1984; Reiter, 1985; de Wit and van Hooijdonk, 1996; Kussendrager and van 
Hooijdonk, 2000). The short-lived oxidation products of SCN, which are 
responsible for the antimicrobial activity, have been identified as hypothio- 
cyanate anions (OSCN) and hypothiocyanous acid (HOSCN). The anti- 
bacterial effect of the LP system is proportional to the SCN concentration 
present. The maximal effect is obtained at an equimolar concentration of SCN 
and H202. There is always enough of LP in raw milk to activate the system, 
while SCN and H5O; are the limiting factors. For commercial applications, 
these compounds are provided in standardised portions so as to achieve 
optimal functioning conditions for the LP system. The antimicrobial action of 
the system is based on the oxidation of sulphydryl (SH) groups of microbial 
enzymes and other proteins in the cytoplasmatic membrane of sensitive 
organisms. As a result of structural damage of the membrane, potassium ions, 
amino acids and peptides are leaked into the medium, subsequently inhibiting 
the uptake of glucose and amino acids in the cell and impairing the synthesis 
of proteins, DNA and RNA (Reiter and Perraudin, 1991). 
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The antimicrobial activity of the LP-system has been established against a 
wide range of bacteria, viruses, yeasts and moulds (Korhonen, 1980; Reiter 
and Hárnulv, 1984; Wolfson and Sumner, 1993; Stadhouders and Beumer, 
1994). Gram-negative, catalase-positive bacteria, such as Pseudomonas, 
Salmonella, Shigella and coliform bacteria, are not only inhibited by the LP- 
system but, depending on the medium conditions, may be killed. Gram- 
positive, catalase-negative bacteria, such as Streptococcus and Lactobacillus, 
are generally inhibited but not killed by the activated LP-system. The 
difference in sensitivity can probably be explained by the differences in 
the cell-wall structure and barrier properties of these bacteria. 

Since the 1970s, various industries have investigated the possibility of 
utilising the LP-system as a natural antimicrobial agent in a great 
number of diverse products. Reports on such research have been reviewed 
by Stadhouders and Beumer (1994) and de Wit and Hooijdonk (1996). Most 
of the applications concern the preservation of different foodstuffs, mainly 
dairy products, but raw fish and meat products have also been a subject of 
applied research. The efficiency of the LP-system in extending the shelf-life 
of raw milk is well established (Reiter et al., 1976; Björck, 1978) and its 
applicability confirmed under practical conditions in field tests (Korhonen, 
1980; Stadhouders and Beumer, 1994). In 1991, the Codex Alimentarius 
Committee authorised the use of the LP system as a temporary means of 
preserving raw milk when milk cannot be properly refrigerated. Since then, 
the FAO has carried out extensive field tests and introduced a technology 
transfer programme for the application of the LP-system for raw milk 
preservation in the developing countries (Lambert, 2001). Other areas of 
application with commercialised products include feedstuffs, oral-care 
products and cosmetics. These applications have been reviewed by van 
Hooijdonk et al. (2000). 


f. Glycomacropeptide. The biological activity of bovine k-casein GMP 
has received much attention in recent years. GMP, often also termed as 
caseinomacropeptide, is the C-terminal hydrophilic peptide released by the 
action of chymosin on k-casein. This casein fraction is hydrolysed into para- 
K-casein (residues 1—105), which remains with the curd, and GMP (residues 
106—169), which is removed with the whey (van Hooijdonk et al., 1984). 
GMP is, therefore, normally found in significant quantities (10—20^46 of total 
protein content) in the whey of rennet-coagulated cheese (Abd El-Salam et al., 
1996). Several large-scale methods have been developed for the isolation of 
GMP from cheese whey (Section IV.A). GMP contains no aromatic amino 
acids and, thus, is not visible at 280 nm, the common protein detection 
wavelength. The amino acid sequences of both k-casein and GMP have been 
well defined (Fiat and Jolles, 1989). The basic GMP molecule has a MW of 
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8000 Da, but this varies according to the attached oligosaccharide content. 
GMP also contains sialic acid, which makes this molecule highly interesting 
biologically, as sialic acid is considered to play an important role in brain 
development. Sialic acid is a vital component of brain gangliosides, which 
play an essential role in the transmission and storage of information in the 
brain. Human and bovine GMP differ from each other with regard to their 
oligosaccharide content (Brody, 2000). 

There are a number of physiological functions attributed to GMP, 
including: 


(a) binding of cholera and E. coli enterotoxins, 
(b) inhibition of bacterial and viral adhesion, 
(c) suppression of gastric secretions, 

(d) promotion of bifidobacterial growth, and 
(e) modulation of immune system responses. 


These potential activities are discussed in more detail in the following, 
based on excellent literature reviews by Abd El-Salam et al. (1996) and 
Brody (2000). GMP was noticed to be released in the stomach during milk 
protein digestion. Ledoux et al. (1999) showed that GMP appears in the 
jejunal effluents within the first 20 min after meal ingestion at a level varying 
from meal to meal. GMP release was observed in the stomach of healthy 
adults during milk and yoghurt digestion. Furthermore, short peptides derived 
from GMP digestion were also released and GMP was present for 8 h in the 
plasma of young children after milk or yoghurt ingestion (Chabance et al., 
1998). These results suggest that GMP may have physiological activity in 
humans, particularly in the digestion process. An interesting biological 
feature of GMP is that it is capable of binding enterotoxins, such as cholera 
toxin (Kawasaki et al., 1992) and heat-labile enterotoxins LT-I and LT-II of 
E. coli (Isoda et al., 1990). The latter researchers observed that oral 
administration of 1 mg per day of GMP could protect mice against diarrhoea 
caused by the toxins. These promising results have been reported in a 
published patent by Isoda et al. (1990) but they warrant further confirmation. 

GMP has been implied to inhibit the adhesion of various bacteria and 
viruses to the intestinal epithelium or other biological surfaces. Neeser et al. 
(1994) demonstrated that GMP prevents the binding of cariogenic bacteria 
like Streptococcus sobrinus and S. sanguis, but not Actinomyces viscous, on 
saliva-coated hydroxyapatite beads. It has been further suggested (Schupbach 
et al., 1996) that GMP reduces dental caries by changing the microbial flora 
of dental plaque from streptococci to less cariogenic Actinomyces. Kawasaki 
et al. (1993) observed that GMP, even in amounts as small as 80 ppm, inhibits 
hemagglutination by four strains of human influenza virus. Obviously, further 
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research is needed to establish the antimicrobial properties of bovine GMP 
before it can be considered as an effective ingredient for antimicrobial 
formulations. 

Contradictory results have been reported about the potential physiological 
functions of GMP in the GI tract. Guilloteau et al. (1994) demonstrated that 
feeding GMP to preruminant calves resulted in a temporary inhibition of 
gastric secretion. Using a rat model, Beucher et al. (1994) found that feeding 
one GMP fraction stimulated the intestinal hormone cholecystokinin, which 
influences food intake. They suggested that glycosylation might affect the 
digestive function of GMP. According to studies by Yvon et al. (1994), both 
the peptide chain and the carbohydrate structure are important for stimulating 
gastric secretions. These studies also indicate that GMP acts by triggering 
receptors on the intestinal mucosa. By fixing directly on the luminal 
receptors, GMP could favor the release of cholecystokinin. In the same way, 
it could have a direct influence on other endocrine cells of the digestive tract 
like D- and G-cells, producing somatostatin and gastrin, respectively. A 
recent study by Pedersen et al. (2000) demonstrated that intraduodenal 
administration of enriched-GMP isolate stimulates exocrine pancreatic 
secretion in anaesthetized rats and it is likely due to the specific activity on 
cholecystokinin release from cells. In addition, Froetschel et al. (2001) 
observed that satiety associated with premeal loads of casein is related to 
changes in GI function of meal-fed animals and involves both opioid and 
cholecystokinin regulation. In contrast to animal model studies, the results of 
a recent human intervention study by Gustafson et al. (2001) showed that the 
daily oral intake of a beverage containing 20 g of GMP had no effect on the 
energy intake or weight of the adult subjects. Further research is, therefore, 
needed to establish the speculated effect of GMP as an appetite-controlling 
substance (Clare, 1998). 

The role of GMP in stimulating the growth of bifidobacteria appears to be 
quite complex. According to Brody (2000), the currently available research 
data do not favor bovine GMP as a specific bifidus growth promoter. 

The potential modulation of immune system responses by GMP is also 
discussed in the article by Brody (2000). A number of studies have shown that 
GMP stimulates the proliferation of normal human B-lymphocytes, but not of 
T-lymphocytes. This would indicate that GMP upregulates the humoral 
immune system with a subsequent increase in the production of IgA 
antibodies, in particular. Moreover, GMP appears to specifically affect the 
production of various cytokines. It is clear that further research is required in 
this field so as to elucidate the significance of GMP for the immune system. 

The potential nutritional and health benefits of GMP have been advocated 
in a few articles (Steijns, 1996; Clare, 1998; LaBell, 1998). A number of 
patents related to the preparation and use of GMP to promote health or 
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nutrition have been granted, but no commercial breakthrough products based 
on GMP have been launched in the market, so far. 

g. Immunoglobulins 

Structure and functions. Immunoglobulins (Igs), also referred to as 
antibodies, are present in the milk and colostrum of all lactating species. In 
mammals, five major classes of Igs have been characterised: IgG, IgM, IgA, 
IgD and IgE. The basic structure of all immunoglobulins is similar. They are 
composed of two identical light chains (MW of each around 23 kDa) and two 
y-shaped identical heavy chains (MW of each 53 kDa). There are two types of 
light chains (k and A), differing in chain structure but having homologous 
amino acid sequences. The light chains contain a constant region (C; ) and 
variable region (Vi). The Vj;-region determines the immunological 
specificity. The light chains are attached to the heavy chains by a disulphide 
bond and the two heavy chains are held together by disulphide bonds near a 
hinge region. The two identical antigen-binding sites (referred to as the 
F(ab)2 fragment) are formed by the N-terminal part of one heavy chain and 
the variable region of one light chain. The C-terminal end of the heavy chains 
is referred to as the Fc fragment. The complete Ig molecule has a MW that 
varies around 160 kDa. Monomeric IgM and IgA have a similar basic 
structure to IgG except for the addition of a C-terminal octapeptide to the 
heavy chains. IgA occurs as a monomer or dimer, the latter comprising two 
IgA molecules joined together by a J-chain and a secretory component. This 
complex is called secretory IgA (SIgA) and has a MW of about 380 kDa. IgM 
consists of five subunits, similar to monomeric IgA, which are linked together 
in a circular mode by disulphide bonds and a J-chain; the MW of pentameric 
IgM is approximately 900 kDa (Larson, 1992; Butler, 1994; Telemo and 
Hanson, 1996). 

In addition to antigen-binding, all Igs exhibit one or more effector 
functions. While the F(ab)2 fragment binds to antigen, the other parts, mainly 
the Fe region, interact with other elements. The effector functions include 
binding of some Ig classes to leukocytes or to host tissues or to complement 
protein Clq. IgG binds specifically to bacteria and in this way augments the 
recognition and phagocytosis of bacteria by leukocytes. This process is 
generally referred to as opsonisation. Another important function of IgG is the 
activation of the complement-mediated bacteriolytic reactions, which 
contribute to the immune defence of the body. Igs also prevent the adhesion 
of microbes to surfaces, including intestinal epithelial linings, inhibit 
bacterial metabolism, agglutinate bacteria, and neutralise toxins and viruses. 
IgM antibodies, although produced in smaller amounts than IgG, are 
considerably more efficient than IgG with regard to most of the above 
activities, especially complement-mediated lysis. Bovine IgA, in contrast, 
does not fix complement or opsonise bacteria, but agglutinates antigens and 
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neutralises viruses and bacterial toxins. The main function of SIgA is to bind 
bacteria, preventing them from attaching to mucosal epithelial cells, which is 
an important first step in the initiation of most infections. The milk Igs have 
proven to exert a synergistic effect on the activity of non-specific 
antimicrobial factors, such as LF and LZM as well as LP (Butler, 1994; 
Korhonen, 1998; Korhonen et al., 20002). 

Concentration in milk and colostrum. The concentration of different Ig 
classes in milk and colostrum varies considerably according to species, breed, 
age, stage of lactation, and health status, and is often different from that in 
blood. In human milk and colostrum, the IgA class comprises about 90% and 
in blood 15-20% of total Ig, whereas the IgG class is dominant in bovine 
milk, colostrum and blood (about 60-70% of total Ig). 

In colostrum Igs make up 70-80% of the total protein content, whereas in 
milk they account for only 1-2% of the protein. The main change from 
colostrum to normal milk occurs in the first few milkings after parturition and 
continues at reduced rates for approximately 5—7 days. At the first milking 
post partum, the IgG concentration ranges from 15 to 180 g/l, the mean being 
approximately 60 g/l. Thereafter, the IgG concentration falls sharply to about 
1 g/l at the 12th—14th milkings. Two IgG subclasses have been characterised 
in bovine milk, IgG, and IgG», of which IgG, accounts for about 50-80% of 
total Ig in the lacteal secretions. The average concentrations of IgG», IgM and 
IgA are relatively small as compared to IgG;. In serum, both IgG subclasses 
are present at about equal concentrations (IgG, 11.2 g/l, IgG» 9.2 g/l), while 
IgA and IgM occur at concentrations of about 0.4 and 3.1 g/l, respectively. 
The transport of Igs from serum to milk is a selective process favouring 
homologous IgG in most species. Specific receptors are involved in the 
process enabling the characteristic concentration of Ig isotypes in milk and 
colostrum of different species (Larson, 1992; Levieux and Ollier, 1999). 

Biological importance. It is generally accepted that the primary biological 
functions of Igs in the lacteal secretions are to give the offspring 
immunological protection against microbial pathogens and toxins and to 
protect the mammary gland against infections. Bovine colostral and milk 
antibodies represent the cow's immune response against a variety of 
microorganisms present in the cow's environment and feed. Thus, Igs 
contribute to the natural antimicrobial properties of milk. The bacteriostatic 
and bactericidal activity of bovine colostrum and milk against a great number 
of pathogenic and non-pathogenic microorganisms is well documented, and is 
attributed to specific antibodies in addition to other antimicrobial factors 
(Reiter, 1985; IDF, 1991; Korhonen et al., 2000b; Korhonen, 2001). Newborn 
calves and pigs, which do not receive colostrum show a high mortality and 
poor weight gain during the first weeks of life. In many species, the absorption 
of Igs from the intestine is selective and receptor-mediated. In humans, 
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practically no absorption of Igs takes place, whereas in ruminants the 
absorption of Igs is non-selective during the first 12—36 h after birth of 
offspring. In contrast to human neonate, the ruminant offspring is born 
virtually without Igs, and the colostral Igs are, therefore, considered essential 
for survival. It is recommended that a newborn calf should be given a 
minimum of 21 of first colostrum, equivalent to about 70—100 g of Ig, to 
protect the calf against scouring (Quigley and Drewry, 1998). 

In human colostrum, SIgA is the predominant Ig class, and IgG is 
transported via the placenta to the circulation of the embryo. Many studies 
suggest that the Igs of human colostrum reduce the risk of GI infections of an 
infant (for reviews see Goldman, 1993; Telemo and Hanson, 1996; Lilius and 
Marnila, 2001). The sites of the immune protection are mainly restricted to 
the GI tract because milk Igs apparently are not absorbed in significant 
quantities from the infant gut. Secretory IgA antibodies appear to be 
particularly important during the first days post partum, when the infant's 
own mucosal IgA production is deficient. Also, milk IgA may contribute to 
the prevention of food allergies by blocking the passage of antigens through 
the GI surfaces of the infant (Telemo and Hanson, 1996). 

Antibodies ingested by humans are normally degraded by proteases in the 
stomach and intestine into small peptides and amino acids, which are 
subsequently absorbed. SIgA is more resistant to proteolytic digestive 
enzymes in the GI tract than other Igs due to the secretory piece. SIgA 
(20-80%) present in human colostrum passes undegraded through the gut of 
the human infant (Goldman, 1993). Also, bovine milk Igs, which have been 
subjected to proteolytic conditions of the human intestine retain their 
immunological activity partially. Bovine colostral Igs are quite resistant to 
gastric acids but are degraded by proteases and are rather sensitive to trypsin, 
except for IgG,, which is relatively resistant. Various studies have shown that 
10-30% of orally administered bovine Igs can be recovered intact or 
immunologically active from the stool of human infants and adults (Roos 
et al., 1995; Kelly et al., 1997). 

Technological properties. Milk Igs may have an adverse effect on various 
dairy processes. For example, the fermentation process may be disturbed by 
the antimicrobial properties of Igs. Retarded fermentation by dairy starters is 
noted in colostrum and mastitic milk, which contain increased amounts of Igs. 
Also, high Ig concentrations may adversely affect antibiotic residual tests 
based on microbial growth, causing false positive results. Immunoglobulins 
contribute to cream formation by agglutinating fat globules, a process which 
accelerates the ascent of cream to the surface. The agglutination property 
of Ig is, however, inactivated by pasteurisation and mechanical agitation 
(IDF, 1991). 
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The effects of processing and storage conditions on the stability of purified 
Ig or Ig concentrates have been the subject of many recent studies. Thermal 
treatment influences the stability of Ig activity in colostrum or milk during 
processing (Li-Chan et al., 1995; Dominguez et al., 1997; Mainer et al., 
1999). In ordinary high-temperature short-time (HTST, 72?C/15 s) or batch 
pasteurisation (63°C/30 min), only 0.5—10% of Ig activity is lost, whereas 
ultra-high temperature (UHT) treatment (138°C/4s) and evaporation 
processing destroy the majority of the specific immune activity of milk 
(Li-Chan et al., 1995). However, bovine IgG added to UHT milk has been 
shown to retain its specific immune activity for over 6 months (Fukumoto 
et al., 1994a). 

Commercial utilisation. Recent progress in the modern fractionation 
technologies, e.g., membrane separation techniques, has enabled large-scale 
isolation of Igs from bovine colostrum and milk for commercial purposes 
(Scammell, 2001). Subsequently, Ig concentrates derived from colostrum, 
cheese whey or blood serum have been developed and launched on the market 
for neonatal calf, lamb or piglet feeding. The efficacy of such colostrum 
replacers or supplements has been shown to vary, but those based on native 
colostral Igs have proved beneficial to the health of newborn calves 
(Nousiainen et al., 1994; Mee and Mehra, 1995). The efficacy of colostral 
supplements can be improved by immunising cows with specific antigens 
derived from pathogenic microbes. Systemic immunisation of pregnant cows 
during the dry period produces colostrum with high concentrations of specific 
antibodies against the vaccine used (Saif et al., 1984; Korhonen et al., 1995). 
These antibodies can be enriched in an active form from colostrum by 
membrane separation and chromatographic techniques to make specific Ig 
concentrates. Such immune milk preparations have been found to be effective 
in the prevention or treatment of various enteric diseases of calves or piglets 
caused, e.g., by rotavirus (Schaller et al., 1992), enterotoxigenic E. coli 
(Moon and Bunn, 1993) or Cryptosporidium parvum (Perryman et al., 1999). 

Apart from animal studies, a large number of clinical studies have been 
carried out since the 1970s to demonstrate the efficacy of immune milk 
preparations in the prophylaxis or therapy of human GI diseases. These 
studies have been reviewed in several articles (Facon et al., 1993; 
Hammarstróm et al., 1994; Ruiz, 1994; Davidson, 1996; Weiner et al., 
1999; Korhonen et al., 2000b; Lilius and Marnila, 2001). Examples of 
immune milk trials carried out in humans are described in Table II. Clinical 
evidence obtained in most of these studies indicates that immune milk 
preparations are protective and, to some extent, also therapeutic against 
rotavirus infections in children (Ebina et al., 1985; Davidson et al., 1989; 
Mitra et al., 1995; Sarker et al., 1998). A protective or therapeutic effect 
of immune milk has also been demonstrated in humans against 


TABLE II 
EFFICACY OF BOVINE IMMUNE COLOSTRUM OR MILK AGAINST MICROBIAL INFECTIONS IN HUMANS 


Microorganism used Target disease Treatment dose/period Clinical effect References 
in immunization 


Escherichia coli Diarrhoea 1 g Ig/kg BW/day for Reduced symptoms and number of Mietens et al. 
10 days E. coli in feces of infected children (1979) 
E. coli Diarrhoea 5 g cw/day for 7 days Prevented infection in adults after Tacket al. (1988) 
experimental challenge 
E. coli ETEC Diarrhoea 3 doses^ mw/day Prevented diarrhoea in adults after Freedman et al. 
colonization factor for 7 days experimental challenge (1998) 
E. coli (ETEC Diarrhoea 20 g mw/day for 4 days No reduction of symptoms and duration  Casswall et al. 
and EPEC strains) of diarrhoea in infected children (2000) 
Helicobacter pylori Gastritis 12 g cw/day for 21 days Reduced chronic inflammation and Oona et al. (1997) 


number of H. pylori in gastric 
antrum of infected children 


H. pylori Gastritis 1 g cw/day for 30 days No eradication of infection in infants — Casswall et al. 
(1998) 
Shigella flexneri Dysenteria 30 g cw/day for 7 days Prevented infection in adults after Tacket et al. (1992) 
experimental challenge 
Streptococcus mutans Dental caries 4 g mw/day for 14 days Reduced number of S. mutans in Filler et al. (1991) 


dental plaque of adults 
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TABLE II (continued) 


EFFICACY OF BOVINE IMMUNE COLOSTRUM OR MILK AGAINST MICROBIAL INFECTIONS IN HUMANS 


Microorganism used 
in immunization 


Target disease 


Treatment dose/period 


Clinical effect 


References 


S. mutans 

Cryptosporidium 
parvum 

C. parvum 

Rotavirus 

Rotavirus 


Rotavirus 


Rotavirus 


Ig, immunoglobulin; cw, colostral whey concentrate; mw, milk whey concentrate; c, 


"Size not indicated. 


Dental caries 
Cryptosporidiosis 


Cryptosporidiosis 


Diarrhoea 
Diarrhoea 
Diarrhoea 


Diarrhoea 


3 rinses/day with 596 
solution for 3 days 
200—500 ml c/day 
for 10—21 days 
30 g cw/day for 5 days 
20—50 ml c/day for 3 days 
50 ml c/day for 1 day 
300 ml c/day for 3 days 


10 g cw/day for 4 days 


Reduced acidogenicity and number of 


S. mutans in dental plaque 
Reduced or ceased diarrhoea 


Reduced diarrhoea and oocyst 
exretion in adults after 
experimental challenge 

Prevented infection in 
healthy children 

Prevented infection in healthy 
children 

Shortened duration of diarrhoea in 
infected children 

Shortened duration and decreased 
severity of diarrhoea in infected 
children 


colostrum; BW, body weight 


Loimaranta et al. 
(1999) 
Tzipori et al. (1987) 


Okhuysen et al. 
(1998) 


Ebina et al. (1985) 

Davidson et al. 
(1989) 

Mitra et al. (1995) 


Sarker et al. (1998) 
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enteropathogenic or enterotoxigenic E. coli infections (Tacket et al., 1988; 
Freedman et al., 1998) and Shigella flexneri (Tacket et al., 1992). Further, 
encouraging results have also been reported in the treatment of HIV-infected 
patients with immune bovine colostrum containing specific antibodies to 
Cryptosporidium parvum (Okhuysen et al., 1998). This parasite often causes 
infections in individuals who are immunosuppressed due to HIV infection. 
Promising results were recorded in a clinical trial where children infected 
with H. pylori were treated with an immune milk preparation containing 
specific anti-H. pylori antibodies (Oona et al., 1997). Bovine antibodies may 
also provide protection against dental caries caused by cariogenic 
streptococci. It has been shown that a colostrum-based immune milk 
concentrate has significant antimetabolic potential against mutans strepto- 
cocci (Loimaranta et al., 1997), actively inhibits in vitro the adherence of 
these bacteria to hydroxyapathite (Loimaranta et al., 19982) and supports the 
natural antimicrobial systems present in saliva (Loimaranta ef al., 1998b, 
19992). So far, only a couple of clinical human trials have been reported on 
the application of anti-caries immune milk preparations (Filler et al., 1991; 
Loimaranta et al., 1999b). The results obtained in those studies, however, 
were encouraging. 

Although most of the controlled clinical trials with immune milk 
preparations have yielded good results, some of the field studies have failed 
to demonstrate the beneficial efficacy of such preparations in the prevention 
of diarrhoea in infants (Brunser et al., 1992) as well as in the treatment of 
H. pylori infections (Casswall et al., 1998) and E. coli-induced diarrhoea in 
children (Casswall et al., 2000). These studies concluded that the daily dosage 
of immune milk used was probably not adequate or the antibodies contained 
in the preparations did not match with the antigenic structures of the bacteria 
causing infections in the children. These results suggest that immune milk 
products intended for field use should contain a mixture of antibodies against 
a number of different serotypes or against the common virulence factors of the 
pathogenic organism concerned. 

Immune milk products with specific antibodies against rotavirus, 
Clostridium difficile or E. coli have been launched on the market in Australia 
and the United States. It has been suggested that such preparations could 
provide a potential alternative for, or a supplement to, antibiotics, especially 
in the case of treatment of antibiotic-resistant bacteria (Ruiz, 1994; Weiner 
et al., 1999; Korhonen et al., 2000b). The supplementation of infant formulas 
with specific antibodies has also been proposed, but no such product has been 
introduced on the market, so far (Goldman, 1989; Davidson, 1996). 

h. Other proteins. Mammary secretions, especially colostrum, contain 
many growth factors which modulate: (1) growth and differentiation of a 
variety of cell types; (2) mammary development, and (3) probably also 
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neonatal development of the GI tract and other organ systems (Koldovsky, 
1996; Pakkanen and Aalto, 1997; Parodi, 1998; Xu, 1998; Playford et al., 
2000). These non-nutrient components contribute, for example, to the specific 
stimulation of jejunal and skeletal muscle protein synthesis in colostrum-fed 
neonatal pigs and calves (Burrin et al., 1995; Buhler et al., 1998). Recent data 
suggest that feeding trace amounts of colostral growth factors augments 
intestinal absorptive capacity as well as protein and fat metabolism and exerts 
beneficial effects on the endocrine system of neonatal calves (Hammon and 
Blum, 1998; Rauprich et al., 2000). Also, it has been suggested that the 
colostral growth factors stimulate brain and heart protein synthesis in 
colostrum-fed neonatal pigs (Burrin et al., 1997). 

Among the most abundant growth factors in bovine colostrum are the 
insulin-like growth factors IGF-I and IGF-II, which promote cell proliferation 
and differentiation. Bovine colostrum contains much higher concentrations of 
IGF-I than does human colostrum (500 ug/l compared with 20 ug/l), with 
lower concentrations in mature bovine milk (10 ug/l). IGF-I is an anabolic 
agent and is at least partly responsible for mediating the growth-promoting 
activity of the growth hormone. IGF-II is present in bovine colostrum and milk 
at concentrations of 200—600 ug/l and <10 ug/l, respectively. IGF-II has 
anabolic activity and has been shown to reduce the catabolic state in starved 
animals. The transforming growth factor-a (TGF-a) is present in human 
colostrum and milk at concentrations of 2.2—7.2 ug/l. It has been suggested 
that the major physiological role of TGF-a is to act as a mucosal-integrity 
peptide, maintaining normal epithelial function in the non-damaged mucosa 
(Playford et al., 2000). TGF-B stimulates the proliferation of cells in the 
connective tissue and acts as a growth inhibitor of some other cell types like 
lymphocytes and epithelial cells. TGF-B and TGF-B-like molecules are present 
at high concentrations in both bovine colostrum (20—40 mg/l) and milk 
(1—2 mg/l). It has been suggested that TGF-B derived from colostrum or milk 
could be exploited in functional foods for infants or in therapies for specific 
intestinal diseases, such as Chrohn’s disease (Donnet-Hughes ef al., 2000). 

The epidermal growth factor (EGF) comprises a family of molecules 
which are found primarily in colostrum. In human colostrum, the EGF 
concentration is about 200 ug/l and ranges in milk from 30 to 50 ug/l. EGF is 
not found in significant amounts in bovine secretions. The potential 
applications of bovine colostrum or milk-derived growth factors have not 
yet been realised because their efficacy in humans remains to be proven. 
There is a rather close homology with regard to the amino acid composition 
between some of the human and bovine growth factors, and recent physio- 
logical studies support the view that certain bovine growth factors and 
hormones may contribute to human body functions (Parodi, 1998; Playford 
et al., 2000). Moreover, recent human studies suggest that oral administration 
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of colostrum-based products containing active growth factors increases 
protein synthesis during and after physical exercise (Mero et al., 1997) and 
prevent the side-effects of non-steroid anti-inflammatory drugs (NSAIDs) 
used in arthritis prophylaxis (Playford et al., 1999). 

Also other growth factors, cytokines and hormones are found in human and 
bovine colostrum, but their physiological significance remains obscure. These 
include the vascular endothelial growth factor, platelet derived growth factor, 
growth hormone and its releasing factor, insulin, prolactin, melatonin, 
granulocyte-, macrophage- and granulocyte/macrophage-colony stimulating 
factors, interferon-y and interleukins -1p, -6 and 10, and the tumor necrosis 
factor-a (Hagiwara et al., 2000; Playford et al., 2000). 

Bovine milk also contains binding proteins for vitamins B12, folic acid 
and riboflavin. It has been suggested that the folate-binding protein 
contributes to the absorption of folate in the intestines (Parodi, 1998). 

Lysozyme (LZM) is a potent antibacterial enzyme acting against a range of 
bacteria, especially Gram-positive, but due to its low concentration in bovine 
milk (in contrast to human milk), LZM may not contribute significantly to the 
overall antimicrobial properties of cow's milk and colostrum. However, LZM 
is known to add to the antimicrobial activity of LF and specific antibodies 
(Reiter, 1985; IDF, 1991; Shah, 2000). 


B. EGG PROTEINS 


The protein content of a hen's egg is approximately 13% by weight, divided 
mainly between three parts: egg membranes, egg white and egg yolk. These 
contain about 4, 45 and 31% protein by weight, respectively. Egg is, thus, a rich 
source of proteins with different physicochemical and biological character- 
istics. The major portion of egg yolk proteins is in the form of lipoprotein, 
which is divided into the plasma and granule fractions. The Igs are found in egg 
yolk; their concentration in the whole egg is about 100 mg. The granule 
fractions contain a phosphoprotein, phosvitin, having a phosphorus content of 
about 10%. Phosvitin contains 54% of serine, which is exclusively present as 
esters of phosphoric acid. Under low ionic strength and acidic conditions, 
phosvitin becomes water soluble and available for complexing with different 
divalent cations. This is the reason why phosvitin acts as a carrier of Ca^", or 
Fe?* (Sugino etal., 1997). Egg white consists of more than 40 different kinds of 
proteins, many of which are still uncharacterised because of their low 
concentration. The major proteins in egg white are ovalbumin (54%), 
ovotransferrin (12%), ovomucoid (11%), ovoglobulins (10%), LZM (3.5%) 
and ovomucin (3%). The degree of glycosylation of the egg white proteins is 
high, more than 9096, which may range from only a few per cent in ovalbumin 
to about 50% in ovomucins. Egg white has multiple functionality, such as 
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gelation, emulsification, foaming, water-binding and heat coagulation, making 
it a highly desirable source of protein in many foods. Although no definite 
biological function has so far been found for the egg white proteins, they 
possess unique properties, such as antimicrobial, enzymatic, protease 
inhibitory, cell growth stimulatory, vitamin-binding and immunological 
effects. Of the many different types of proteins found in egg albumen, most 
appear to be antimicrobially active or have certain physiological functions to 
interfere with the growth and spread of invading bacteria. Thus, they may act 
as: (1) proteinase inhibitors, e.g., ovoinhibitor, ovomucoid, ovomacroglobulin 
and cystatine; (2) bacteriolytic enzymes, e.g., LZM; (3) vitamin-chelating 
proteins, e.g., avidin and ovoflavoprotein; (4) metal-chelating proteins, e.g., 
ovotransferrin, and (5) jelly-like proteins, e.g., ovomucin. Accordingly, the 
egg white proteins appear to function primarily as a defensive barrier (Tranter 
and Board, 1982; Ibrahim, 1997). 

The egg white protein that has probably attracted the most attention is LZM, 
which is now being used as an antimicrobial agent as well as in 
various pharmaceutical compounds. LZM has also shown promise as a 
food preservative, being used to prevent blowing of cheese, and also has 
some potential for preserving meat by reducing pathogen levels. LZM is easy to 
separate from egg white commercially by using crystallisation or ion-exchange 
resins (Kijowski et al., 1999). Baron et al. (1999) tested the inhibitory potency 
of different egg white proteins on the Salmonella and showed that 
ovotransferrin played the major role in inhibiting the Salmonella growth in 
egg white. The egg Igs (IgY) have generated interest since hens can be 
hyperimmunised to produce specific antibodies against pathogens, and the IgY 
yield per egg is high. IgYs can be enriched and isolated in a highly purified form 
using a serial filtration system or by ultracentrifugation combined with a 
chromatographic purification process (Li-Chan, 1999). IgY has already found 
use in immunoassay techniques, and may, in future, find applications as an 
ingredient of functional foods and feeds aimed at preventing or curing GI 
infections. Various animal studies have shown that hyperimmune IgY 
preparations can be effective against rotavirus (Ebina et al., 1990; Sarker 
et al., 2001). IgY specific to Streptococcus mutans can provide protection 
against pathogens causing dental caries, when applied in a mouth rinse 
containing about 1% immune preparation of which about 6% is IgY (Hatta 
et al., 1997). 


C. PLANT PROTEINS 


Cereals are by far the most important staple food of mankind, pro- 
viding the major portion of energy and protein and much of the other 
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nutrients needed. The protein content of the grains is relatively low, and 
the composition of the essential amino acids may be unbalanced depending 
on the amino acid composition. Gliadin and glutein are the wheat 
endosperm storage proteins and form approximately 85% of the protein 
content of wheat flour. Corn proteins consist of three distinct zein classes: 
a-, B- and y-zein. a-Zein is the main component of the maize endosperm 
protein, accounting for 75-85% of the total zein. The biological activity of 
these cereal proteins has been attributed to specific peptide sequences, 
which are freed by enzymatic hydrolysis. Furthermore, wheat gliadin 
seems to pose the major problem in celiac disease; gliadin antibodies are 
commonly found in the immune complexes associated with this disease 
(Friedman, 1996). 

The protein content of soybeans (5096 w/w) is much higher than of 
cereal grains, three times richer than of eggs and 11 times richer than of 
milk. Soybean protein quality is comparable to that of meat and eggs. 
The use of soy for the prevention or treatment of chronic diseases has 
already been advocated for a number of years (Friedman and Brandon, 
2001). Areas where beneficial effects have been shown or are expected 
include cardiovascular diseases, cancer, diabetes, osteoporosis, hyperten- 
sion, GI disorders and renal disease. The active ingredients are fibres, 
isoflavones and proteins. Many scientific studies carried out both on 
animals and humans have demonstrated that a soy protein diet reduces the 
total and LDL cholesterol, an established risk factor for cardiovascular 
disease. The actual mechanism by which soy proteins lower blood lipid 
concentrations in humans remains to be elucidated (Messina et al., 2002). 
In Japan, meat products and (fermented) drinks with soy proteins as 
active ingredients for reducing blood pressure have been granted Foods 
for Specified Health Uses (FOSHU) status. The Food and Drug 
Administration (FDA) of the United States concluded that the amount 
of soy protein associated with a reduction in cholesterol levels was 25 g 
or more per day. The high level of protein required has raised concerns 
among toxicologists, since the intake of phytochemicals with oestrogen- 
like activity will subsequently increase. In October 1999, the FDA 
permitted the use of claims such as: “25 g of soy protein a day, as part of 
a diet low in saturated fat and cholesterol, may reduce the risk of heart 
disease". 

The occurrence of sweet-tasting proteins, such as thaumatin, monellin, 
mabinlin and pentadin, in the pulp of fruits of various rain forest species has 
been reported. The sweet-tasting proteins have different molecular lengths 
(from 54 residues of brazzein to 207 residues of thaumatin), virtually no 
sequence homology and very little structural homology. Thaumatin, the most 
characterised sweet protein, is 100,000 times sweeter than sugar on a molar 
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basis and 3000 times on a weight basis. It is extremely soluble in water, but 
not in organic solvents. Even at pH values below 5.5, heat stability above 
100°C has been reported with no loss in sweetness. It is also stable under 
pasteurisation conditions. These properties are probably due to the presence 
of 8 disulphide bonds. The onset of sweetness is relatively slow with a slight 
liquorice aftertaste. The safety of thaumatin has been proven for animals and 
humans and it is currently commercially available as a sweetener, flavor 
enhancer, additive to pharmaceuticals, chewing gum and animal feeds (Gibbs 
et al., 1996). 

Sweet-tasting proteins interact with the same receptor that binds small 
MW sweetener, the T1R2-T1R3 G-protein coupled receptor (Li et al., 2002). 
The key groups on the protein surface responsible for the biological activity 
have not yet been identified with certainty for any of the known sweet 
proteins. Temussi (2002) postulated that sweet proteins, contrary to small 
ligands, do not bind to glutamate-like pocket but stabilize the free form of the 
receptor by attachment to a secondary binding site. 

Two taste-modifying proteins were found from berries and fruits. They 
turn sour into sweet taste, for example, lemons tend to taste sweet after 
ingestion. The amino acid sequencing of these proteins has revealed that they 
contain interchain and intrachain disulphide bridges and 114—191 amino acid 
residues. Although the MW is similar, neither has any real homology been 
found nor are they homologous sweet proteins (Gibbs et al., 1996). 


D. MISCELLANEOUS PROTEINS 


Tannins are polyphenolic compounds, widely distributed in plant-based 
foods, which may have harmful effects on animals, including humans. 
Furthermore, they are frequently associated with a bitter taste, but they also 
give rise to oral sensation of astringency. Several studies have shown that 
salivary proline-rich proteins can bind to the polyphenols and precipitate 
them, thereby effectively preventing them from becoming bioavailable and 
having any effect on the GI tract. This function has been associated to the 
basic salivary proline-rich proteins, which have no known biological 
functions (Lu and Bennick, 1998; Sarni-Manchado et al., 1999; Charlton 
et al., 2002). It, therefore, seems likely that the astringent sensation is a 
consequence of interactions between the basic proline rich proteins and 
polyphenols. 

Antifreeze proteins (AFPs) are ice-binding proteins found in some 
organisms (such as fish, insects, plants and soil bacteria) that live at the 
temperature of their surroundings and encounter freezing conditions. AFPs 
help organisms to survive below 0°C by inhibiting ice growth. AFPs are 
structurally diverse, each is radically different from the others in its primary, 
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secondary and tertiary structures, but typically has multiple isoforms that vary 
in length or sequence at a few amino acid positions. The MW is also 
extremely wide, ranging from 2.5 kDa in some fish AFPs to 36 kDa for one 
of the AFPs of winter rye. Although the sequences and structures that 
contribute to the ice-binding sites are distinct, a pattern can be observed. Ice- 
binding sites are relatively flat surfaces and a significant portion of their 
surface is involved in ice contact. Furthermore, the ice-binding sites tend to 
be less polar and more hydrophobic than the other AFP surfaces (Jia and 
Davies, 2002). 

AFPs protect against ice by several mechanisms. These not only include 
lowering the point at which ice-crystals grow (lowering the freezing point but 
not the melting point, the so-called thermal hysteresis effect), but also 
modification of ice crystallization, such that smaller crystals and crystals of 
different shapes are formed. AFPs appear to exert their effect by 
accumulating at the water—ice interface and thereby modifying crystal 
growth, with different AFPs apparently showing preference for different 
crystal planes (Barret, 2001). However, at the molecular level the mechanism 
of interaction of the different AFPs may be different. It was earlier proposed 
that the binding mechanism relied almost entirely on a hydrogen bond match 
between AFP and ice, it now seems probable that van der Waals and 
hydrophobic interactions make a significant contribution to the enthalpy of 
adsorption (Cheng and Merz, 1997; Chao et al., 1997; Baardsnes and Davies, 
2002). 

The intake of AFPs in the diet is likely to be substantial in most northerly 
and temperate regions. Much of this intake is likely to be from edible plants, 
given their importance in the diet, but in some regions intake from fish will 
be significant. As far as can be ascertained, AFPs are consumed with no 
evidence of adverse health effects, either short or long term. Given the 
structural diversity of AFPs, one firm general conclusion that can be drawn 
from the history of consumption of AFPs is that their functional 
characteristics do not impart any toxicologically significant effect (Crevel 
et al., 2002). 

There is a great promise of application of AFPs in foods with their ability 
to depress solution freezing temperature and inhibit recrystallisation in 
freezing. One potential direct application is to inhibit recrystallisation of ice 
in dairy products such as ice creams and de-icing agents. Furthermore, they 
may also be very useful in chilled and frozen meat, where large ice crystals 
may form intracellularly resulting in drip and loss of nutrition during thawing. 
The use of AFPs in foods will most likely depend on the cost. At present, 
although commercial products of AFPs are sold, they are only suitable for 
research or special uses because of their high price (Li and Sun, 2002). 
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IIl. BIOACTIVE PEPTIDES DERIVED FROM FOOD PROTEINS 


A. BIOLOGICAL ACTIVITIES AND STRUCTURES 


Peptides with specific biological activity may be located within the amino 
acid sequence of a given protein. Enzymatic degradation of foodstuffs in the 
gut and in food processing releases short-chain peptide sequences from intact 
proteins, glycoproteins and lipoproteins. In some cases, peptides may act as 
regulatory compounds with a hormone-like activity, based on their amino 
acid composition and sequence. Bioactive peptides usually contain 3—20 
amino acid residues per molecule. Although animal- as well as plant-proteins 
contain potential bioactive sequences, milk proteins currently form the 
main source of a range of biologically active peptides. In order to elicit a 
biological response, peptides must both cross the intestinal epithelium and 
enter the blood circulation, or bind directly to specific epithelial cell-surface 
receptor sites. 


1. Peptides with opioid activity 


a. General structures and occurrence in the sequence of proteins. Opioid 
peptides, such as enkephalins, are defined as peptides having both an affinity 
for an opiate receptor and opiate-like effects inhibited by naloxone. Typical 
opioid peptides originate from three precursor proteins: proopiomelanocortin 
(endorphins), proenkephalin (enkephalin) and prodynorphin (dynorphins) 
(Hóllt, 1983). These peptides have the same N-terminal sequence, Tyr-Gly- 
Gly-Phe. Opioid peptides exert their activity by binding to particular 
receptors of the target cell. The individual receptors are responsible for 
specific physiological effects, e.g., the -receptor for emotional behaviour 
and suppression of intestinal motility, the o-receptor for emotional behaviour, 
and the k-receptor for sedation and food intake. Opioid peptides that are 
derived from a variety of precursor proteins are called 'atypical', since 
they carry various amino acid sequences at their N-terminal regions; only 
the N-terminal tyrosine is conserved. The N-terminal sequence of ‘atypical’ 
opioid peptides is Tyr-X-Phe or Tyr-X1-X2-Phe. The tyrosine residue at the 
N-terminal and the presence of another aromatic amino acid at the third or 
fourth position form an important structural motif that fits into the binding site 
of the opioid receptors (Paroli, 1988; Teschemacher et al., 1994, 1997). 


b. Milk protein-derived opioid peptides. The major exogenous opioid pep- 
tides, B-casomorphins, are fragments of the B-casein sequence 60—70 (Tyr- 
Pro-Phe-Pro-Gly-Pro-Ile-Pro-Asn-Ser-Leu) (Chiba and Yoshikawa, 1986; 
Paroli, 1988; Koch and Brantl, 1990; Teschemacher et al., 1990, 1997). 
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The first found B-casomorphin was B-casomorphin-7, B-casein sequence 
60—66 (Henschen et al., 1979). Later, 8-casomorphin-4, an amide derivative 
of B-casomorphin-4, morphiceptin, as well as 8-prolyl-B-casomorphin were 
identified from bovine casein digests using specific radioimmunoassays 
(Chang ef al, 1985). Stepwise hydrolysis from the C-terminal of the 
heptapeptide generates a series of hexa-, penta- and tetrapeptides with 
different activities, as shown in Table III. B-Casomorphins are found 
at analogous positions in sheep, water buffalo and human f-casein 
(Teschemacher et al., 1997). These peptides have been shown to display 
opioid activity in an opiate receptor assay as well as in isolated organ assays. 
p-Casomorphins and morphiceptin have been found to behave like p.-type 
opioid agonists in opioid receptor binding studies and in isolated organ 
preparations (Brantl et al., 1981; Chang et al., 1982, 1985). 

a-Casein-derived opioid peptides, called exorphins, are released follow- 
ing pepsin digestion of cow casein (Zioudrou et al., 1979). a-Casein 
exorphins correspond to bovine o,;-casein residues 90—96 and 90-95. 
These peptides and the synthetic fragment without the N-terminal arginine 
residue exhibit, although in moderate strength, typical opioid properties 
in vitro, i.e., binding to rat brain opioid receptors and inhibiting the 
contractions of electrically stimulated mouse vas deferens preparations. The 
a-casein exorphins have also been shown to be 6-selective receptor ligands 
(Loukas et al., 1983, 1990). Kampa et al. (1996) found that a peptide with 
the sequence Tyr-Val-Pro-Phe-Pro from human o,,-casein f(158-162) has a 
high affinity for all sub-types of the k-opioid receptor. 

Peptides isolated from a peptic and tryptic digest of bovine k-casein 
display low but clear-cut opioid antagonist properties (Yoshikawa et al., 
1986; Chiba et al., 1989). The first identified peptide which showed high 
affinity for opioid receptors in the radioreceptor assay was found to 
correspond to the methyl ester of residues 33-38 of k-casein and was 
named casoxin-6. Afterwards various peptide derivatives have been 
synthesised and isolated from k-casein which possess opioid antagonist 
activity (Teschemacher et al., 1997). The opioid antagonist peptides can be 
expressed by the general formula XA-Arom-Xg-Tyr-OCH; (Arom: aromatic 
residues). An amino acid in position X4 may affect the specificity of the 
antagonist peptide for an opioid receptor. Peptides having a basic residue, 
such as arginine, in the X,-position have been found to show a preference for 
k-receptors (Yoshikawa et al., 1988). 

Whey proteins contain opioid-like sequences, namely a-la (both bovine 
and human) f(50-53) and B-lg (bovine) f(102-105), in their primary structure. 
These peptides have been termed a- and f-lactorphins (Chiba and 
Yoshikawa, 1986). Studies by Antila et al. (1991) indicated that proteolysis 
of a-la with pepsin produces a-lactorphin, and that digestion of B-lg with 
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TABLE III 


EXAMPLES OF MILK PROTEIN-DERIVED BIOACTIVE PEPTIDES 


Fragment 


Q,1-Cn 


f(194-199) 


B-cn 
f(193-202) 


B-cn 
f(1-25)4P 


04,1-Cn 
f(43-58)2P 
B-cn 
f(7-18)3P 
a, ;-cn f(23-34) 


B-cn 
f(177-183) 


Name 


0,,;-immunocasokinin 


p-casokinin-10 


Caseinophosphopeptide 


Caseinophosphopeptide 


Caseinophosphopeptide 


Casokinin 


Casokinin 


Bioactivity 


Immunomodulatory, 
ACE-inhibitory 


Immunomodulatory, 
ACE-inhibitory 


Mineral-binding, 
immunomodulatory, 
cytomodulatory 


Mineral-binding 
Mineral-binding 
ACE-inhibitory 


ACE-inhibitory, 
cytomodulatory 
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TABLE III (continued) 
EXAMPLES OF MILK PROTEIN-DERIVED BIOACTIVE PEPTIDES 


Precursor Release Fragment Name Bioactivity References 
protein protease 
B-Casein Trypsin B-cn f(60-66) B-casomorphin-7 Opioid agonist, Teschemacher 
ACE-inhibitory, et al. (1997); 
immunomodulatory, Kayser and 
cytomodulatory Meisel (1996); 
Meisel and 
Gunther (1998) 
Qsı-Casein Pepsin ası-cn f(90-96) a-casein exorphin Opioid agonist Loukas et al. (1983) 
K-Casein Pepsin k-cn f(33-38) Casoxin-6 Opioid antagonist Chiba and 
Yoshikawa 
(1986) 
Trypsin k-cn f(25-34) Casoxin-C Opioid antagonist Chiba et al. (1989) 
0,,-Casein Chymosin ası-cn f(1-23) Isracidin In vivo antimicrobial ^ Lahov and Regelson 
(1996) 
ats5-Casein Trypsin Q,2-cn f(165-203) Casocidin-I Antimicrobial Zucht et al. (1995) 
o5-cn f(174-181) Casokinin ACE-inhibitory Tauzin et al. (2002) 
c,5-cn f(174-179) 
Glycomacropeptide Trypsin k-cn f(106-116) Casoplatelin Antithrombotic Fiat et al. (1989) 
Trypsin «-cn f(112-116) Thrombin inhibitory Antithrombotic Qian et al. (1995) 
peptide 
Human milk Pepsin k-cn f(63-117) Antimicrobial Liepke et al. (2001) 


orz 
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TABLE III (continued) 
EXAMPLES OF MILK PROTEIN-DERIVED BIOACTIVE PEPTIDES 


Precursor Release Fragment Name Bioactivity References 
protein protease 
Whey protein 
a-Lactalbumin Pepsin a-la f(50-53) a-lactorphin Opioid agonist, Antila et al. (1991); 
ACE-inhibitory Mullally et al. 
(1996) 
a-Lactalbumin Trypsin a-la f(104-108) Lactokinin ACE-inhibitory Pihlanto-Leppala 
et al. (2000) 
a-Lactalbumin Trypsin/ a-la fragments Antimicrobial Pellegrini et al. 
chymotrypsin (1999) 
p-Lactoglobulin Pepsin + trypsin B-lg f(102-105) p-lactorphin Opioid agonist, Antila et al. (1991); 
ACE-inhibitory Mullally 


p-Lactoglobulin 
p-Lactoglobulin 


Lactoferrin 


Trypsin 
Trypsin 


Pepsin 


B-lg £(142-148) 


B-lg f(15-20), (92-100) 


Lf (17-41) 


Lactokinin 


Lactoferricin 
immunomodulatory 


ACE-inhibitory 
Antimicrobial 


Antimicrobial 


et al. (1996) 
Mullally et al. 
(1997a,b) 
Pellegrini et al. 
(2001) 
Bellamy et al. (1992) 
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pepsin and then with trypsin, or with trypsin and chymotrypsin, yields 
p-lactorphin. Furthermore, a-lactorphin exerted weak but consistent opioid 
activity in the guinea pig ileum and in connection with receptor-binding, 
whereas Q-lactorphin, despite its similar receptor-binding affinity, had an 
apparent non-opioid stimulatory effect on the guinea pig ileum. These 
peptides have been found to show a very low affinity for opioid receptors and 
are p-type receptor ligands (Paakkari et al., 1994). Moreover, bovine blood 
serum albumin f(399-404), named serorphin, displays opioid activity (Tani 
et al., 1994). Peptides with an affinity for opioid receptors have also been 
Observed in an artificially methyl-esterified peptic digest of human LF. These 
peptides are named lactoferroxins and behave like opioid antagonist peptides, 
such as casoxins (Tani et al., 1990). 


c. Opioid peptides derived from other proteins. Apart from milk proteins, 
wheat gluten is the most well-known source of opioid peptides (exorphins). 
Pepsin-thermolysin and pepsin—trypsin—chymotrypsin digestion of wheat 
gluten produces Gly-Tyr-Tyr-Pro-Thr (exorphin A5), Tyr-Gly-Gly-Trp-Leu 
(exorphin B5) and Tyr-Pro-Ile-Ser-Leu (exorphin C). For example, 
the sequence of exorphin A5 is found 15 times in the primary structure 
of high MW gluten. The structure of these gluten exorphins differs 
considerably from any of the endogenous or exogenous peptides reported, 
only the N-terminal tyrosine is found. The gluten exorphins show an affinity 
for 5- and p.-receptors and decrease the tension of the guinea pig ileum 
in vitro. Whole gluten hydrolysates reveal similar activity (Fukudome and 
Yoshikawa, 1992, 1993). 

Bovine haemoglobin, the protein from erythrocytes which occurs as a 
minor component in meat and meat products, is also a precursor of opioid 
peptides (haemorphins). These opioid peptides are released by pepsin 
digestion in vitro and may also be produced by macrophages. Moreover, 
haemorphins have been found to decrease the tension of the guinea pig ileum 
in vitro (Nyberg et al., 1997). 


2. Peptides with angiotensin I-converting enzyme inhibition activity 


Angiotensin I-converting enzyme (ACE; peptidyldipeptide hydrolase, EC 
3.4.15.1) is a key enzyme in the regulation of peripheral blood pressure. ACE 
has been classically associated with the renin-angiotensin system, which 
converts angiotensin I into a potent vasoconstrictor, angiotensin II. In the 
kinin-kallikrein system ACE also degrades vasodilative bradykinin and 
stimulates the release of aldosterone in the adrenal cortex. Consequently, 
ACE plays a major physiological role in the regulation of local levels of 
several endogenous bioactive peptides (Petrillo and Ondetti, 1982). 
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Exogenous ACE inhibitors having an antihypertensive effect in vivo were first 
discovered in snake venom (Ondetti et al., 1971). Afterwards, various ACE- 
inhibitors have been found from enzymatic hydrolysates and related synthetic 
peptides of food proteins. These food proteins include such as bovine and 
human casein and whey, zein, gelatin, yeast and corn (Ariyoshi, 1993; 
Yamamoto, 1997; FitzGerald and Meisel, 2000; Pihlanto-Leppálà, 2001). So 
far, ACE-inhibitory peptides are the most commonly known group of 
bioactive peptides of food protein origin. Some examples of these peptides are 
presented in Table III. 

ACE is an exopeptidase, which cleaves dipeptides from the C-terminal of 
various peptide substrates. It is an unusual zincmetallopeptidase, since it is 
activated by chloride and lacks a narrow in vitro substrate specificity (Ondetti 
and Cushman, 1984). Structure—activity correlations between different 
peptide inhibitors indicate that binding to ACE is strongly influenced by 
the C-terminal tripeptide sequence of the substrate. Although this substrate 
specificity is not clearly understood, ACE appears to prefer substrates or 
competitive inhibitors containing hydrophobic amino acid residues at each of 
the three C-terminal positions. Many of the known ACE-inhibitors contain 
proline, lysine or arginine as C-terminal amino acids. The presence of 
positively charged C-terminal lysine or arginine residues does not fit with 
the ACE-active site model proposed by Ondetti and Cushman (1984). 
Nevertheless, structure—activity data suggest that a positive charge on the 
arginine and lysine side-chain contributes substantially to the inhibitory 
potency. It is postulated that the mechanisms of ACE-inhibition involve 
inhibitor interaction with an anionic binding site, which is distinct from the 
catalytic site (Meisel, 1997). Accordingly, it is expected that the peptide 
structure adopted in a specific environment should contribute to the ACE- 
inhibitory potency. 


a. Casokinins. Casokinin sequences have been found in all casein 
fractions, but ası- and B-caseins, in particular, are rich in ACE-inhibitory 
sequences. Maruyama and Suzuki (1982) showed that a tryptic hydrolysate of 
casein contains ACE-inhibitors. The active peptide inhibitors were purified 
and identified as o,;-casein f(23-34). Later it was found that the peptides 
corresponding to B-casein f(177-183), a,;-casein f(23-27) and, o,,-casein 
f(194-199) had ACE-inhibitory activity (Maruyama et al., 1985, 1987). 
In addition to trypsin hydrolysis, lactic acid fermentation also produces 
casokinins. Yamamoto ef al. (1994) showed that peptides produced 
by Lactobacillus proteases had ACE-inhibitory activity. Furthermore, two 
ACE-inhibitory tripeptides, Val-Pro-Pro and lle-Pro-Pro, were obtained 
during the fermentation of milk proteins with Lactobacillus helveticus and 
Saccharomyces cerevisiae (Nakamura et al., 1995a). 
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b. Lactokinins. The first ACE-inhibitory peptides derived from whey 
proteins were synthetic peptides corresponding to the known bioactive 
sequence of B-lg (Q-lactorphin and Q-lactotensin) and a-la (a-lactorphin) 
(Mullally et al., 1996). Our studies have indicated that the tripeptide Tyr-Gly- 
Leu (a-la f(50-52)) has ACE-inhibitory activity at about the same range as the 
a-lactorphin (Pihlanto-Leppálà et al., 2000). Peptides originating from a-la 
f(99-110) may contribute considerably to the ACE-inhibitory activity of a-la 
hydrolysates, since we found ACE-inhibitory activity in a-la f(99-108), 
f(104-108) and f(105-110). The ACE-inhibitory activity of B-lg hydrolysates 
is a result of various peptides liberated from different regions of the B-lg 
chain. Trypsin, e.g., releases several peptides with moderate activity, namely 
p-lg f(22-25), (32-40) (81-83) and (142-148) (Mullally et al., 1997a; 
Pihlanto-Leppala et al., 1999, 20002). Several peptides have been isolated 
from whey protein digested with proteinase K, among them is a peptide 
corresponding to B-lg f(78-80) (B-lactosin) which showed the highest ACE- 
inhibitory activity (Abubakar et al., 1998). 


c. Other ACE-inhibitory peptides. A limited number of ACE-inhibitory 
peptides have additionally been identified from non-milk dietary proteins 
(Table IV). Oshima et al. (1979) reported ACE-inhibitory peptides obtained 
by digesting gelatine with bacterial collagenase among the first found 
bioactive peptides. They identified six potent ACE-inhibitors, which were 
tri-, hexa-, nona- and dodeca-peptides. Miyoshi et al. (1995) isolated ACE- 
inhibitory peptides from the corn endosperm protein y-zein fraction 
hydrolysed by thermolysin. All of the identified ACE-inhibitory peptides 
were tripeptides (Leu-Arg-Pro, Leu-Ser-Pro and Leu-Gln-Pro), had a proline 
residue and exhibited a similar structure. Yano et al. (1996) found that a 
major component of maize protein, a-zein was almost completely hydrolysed 
into small peptides by digestion with thermolysin and most of the peptide 
fractions showed at least some ACE-inhibitory activity. Matsui et al. (1999) 
isolated 16 peptides, composed of 2—7 amino acid residues, from wheat germ 
hydrolysates. A tripeptide, Ile-Val-Tyr, was identified as a main contributor to 
the ACE-inhibition of the hydrolysates. Tryptic hydrolysates of zein and 
hordein protein have been found to contain peptides which have ACE- 
inhibitory activity and which, additionally, inhibit endopeptidase and crude 
proteinase from Pseudomonas fluorescens (ATCC 948) (Gobbetti et al., 
1997). A peptic digest of protein prepared from wakama (Undaria 
pinnatifida) contains four tetrapeptides with ACE-inhibitory properties 
(Suetsuna and Nakano, 2000). Furthermore, a concentrate of an aqueous 
extract of Allium sativum L. (garlic) has seven ACE-inhibitory dipeptides 
(Ser-Tyr, Gly-Tyr, Phe-Tyr, Asn-Tyr, Ser-Phe, Gly-Phe and Asn-Phe) 
(Suetsuna, 1998). 


TABLE IV 


BIOACTIVE PEPTIDES DERIVED FROM VARIOUS ANIMAL AND PLANT PROTEINS 


Protein source Treatment Peptide sequence Bioactivity References 
ACE-inhibitory Effect on systolic 
activity“ ICs; uM blood pressure 
in SHR’ 
Corn endosperm Thermolysin LRP 0.27 Hydrolysate cont. Miyoshi et al. 
LDP 1.7 peptides decreases (1995) 
LQP 1.9 SBP p.o.* 
Zein Trypsin SAYPGQITSN 7 Gobbetti et al. 
(1997) 
Hordein Trypsin QVSLNSGYY 23 Gobbetti et al. 
(1997) 
Wakame Pepsin YNKL 21 | 40-50 mmHg Suetsuna and 
(5 mg/kg) Nakano (2000) 
Maize, a-chain Thermolysin FNQ 41 Yano et al. (1996) 
LF 68 
Wheat germ Alkaline protease IVY 0.48 | 19.2 mmHg (5 mg/kg) Matsui et al. 
(MAP) i.v.” (1999, 2000) 
Soy Alcalase Low molecular ND 1 38 mmHg (100 mg/kg) p.o. Wu and Ding 
weight peptides (2001) 
Genetically modified Trypsin and RPLKPW ND } (5-10 mg/kg) p.o. Matoba et al. 
soybean protein chymotrypsin (2001) 
Allium sativum Aqueous extract SY 66.3 } (200 mg/kg) p.o. Suetsuna (1998) 
L (garlic) FY 3.74 


(continued on next page) 
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TABLE IV (continued) 
BIOACTIVE PEPTIDES DERIVED FROM VARIOUS ANIMAL AND PLANT PROTEINS 


Protein source Treatment Peptide sequence Bioactivity References 


ACE-inhibitory Effect on systolic 


activity^ ICs; M blood pressure 


917 


E 
a 
in SHR^ E 
in > 
Sardine muscle Alkaline protease KY 1.63 Matsufuji et al. 8 
AKK 3.13 (1994) > 
Bonito bowels Autolysis ARPY 320 Matsumura Z 
VRP 22. et al. (1993) J 
Indonesian Pepsin VAWKL 31.97 Astawan et al. m 
dried-salted fish CWLPVY 22.2 (1995) A^ 
Porcine skeletal Thermolysin TNP 207.4 Arihara et al. 9 
muscle (2001) ja» 
ITTNP 549 | 21 mmHg Nakashima S 
(1 mg/kg) et al. (2002) tri 
Chicken Thermolysin IKW 0.21 | 50 mmHg Fujita et al. (2000) 4 
(10 mg/kg) 
LKP 0.32 | 75 mmHg 
(10 mg/kg) 
Egg ovalbumin Chymotrypsin RADHPF Vasodilatation l| 10 mmHg Matoba et al. 
>1mM (10 mg/kg) (1999) 
Pepsin LW 6.8 | 45 mmHg Fujita et al. (2000) 
(10 mg/kg) 
ERKIKVYL 1.2 0 


TABLE IV (continued) 
BIOACTIVE PEPTIDES DERIVED FROM VARIOUS ANIMAL AND PLANT PROTEINS 


Protein source Treatment Peptide sequence Bioactivity References 
ACE-inhibitory Effect on systolic 
activity” ICs; uM blood pressure 
in SHR? 
Pepsin FRADHPFL | 18 mmHg Fujita et al. (1995) 
(20 mg/kg) 
Buckwheat pollen APVLQIKKTGSN Immunomodulation Liu et al. (1998) 
Egg ovotransferrin Trypsin and acid OT f(109-200) Antibacterial Ibrahim et al. 
(1997, 2000) 
Egg yolk phosvitin Trypsin ND Calcium-binding Jiang and Mine 


SBP, systolic blood pressure; ND, not determined. 

“ICs9 pM = peptide concentration required to inhibit ACE (angiotensin converting enzyme) by 50%. 
Spontaneously hypertensive rat. 

“Oral administration. 

^MAP, mean arterial blood pressure; i.v., intravenous administration. 


(2000) 
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Twelve ACE-inhibitory peptides have been identified from sardine muscle 
hydrolysate, revealing that a dipeptide, Val-Tyr, acts as a key inhibitor 
(Matsufuji et al., 1994). Of the identified ACE-inhibitory peptides, the 
tripeptides (Leu-Arg-Pro, Ile-Val-Tyr) and the dipeptide (Val-Tyr) show 
strong inhibitory activity. Moreover, two inhibitory peptides (myopentapep- 
tides A and B) have been purified from a thermolysin digest of porcine 
skeletal muscle proteins. The sequences were found in the primary structure 
of the myosin heavy chain (Arihara et al., 2001). 


3. Peptides with antithrombotic activity 


Certain functional similarities have been shown to exist between milk and 
blood coagulation, as well as sequence homologies between the fibrinogen 
y-chain and k-casein (Jolles and Caen, 1991). Hydrolysis of bovine k-casein 
by chymosin constitutes the first stage of milk clotting. In this reaction, one 
bond (Phe;o5—Met;og) of k-casein is rapidly hydrolysed, leading to the 
release of an insoluble N-terminal fragment ( para-k-casein; residues 1—105) 
and a soluble C-terminal fragment (caseinomacropeptide, residues 106—169) 
from which a series of tryptic peptides active in platelet function has 
been characterised. These peptides are referred to as casoplatelins. Jolles et al. 
(1986) reported that a dodecapeptide, corresponding to bovine k-casein 
residues 106-116  (Met-Ala-Ile-Pro-Pro-Lys-Lys-Asn-Gln-Asp-L ys), 
inhibits ADP-induced platelet aggregation and combines with the fibrinogen 
receptor of blood platelets, consequently preventing fibrinogen-binding with 
blood platelets, in a concentration-dependent manner. The two smaller tryptic 
peptides (k-casein f(106-112) and f(113-116)) exert a much lower effect 
on platelet aggregation and do not inhibit fibrinogen-binding (Fiat et al., 
1989). Three peptides from bovine k-casein have been found to exhibit 
antithrombotic activity in the guinea pig: namely, the caseinoglycopeptide 
f(106-169) and its split peptides, the dodecapeptide f(106-116) and the 
pentapeptide f(112-116), which is the least active peptide (Bal dit Sollier 
et al., 1996). The C-terminal (residues 106—171) part of sheep k-casein, 
called caseinoglycopeptide, inhibits thrombin- and collagen-induced platelet 
aggregation in a dose-dependent manner. Three peptides which completely 
inhibit thrombin-induced aggregation have been derived from an enzymatic 
hydrolysate of caseinoglycopeptide (residues 112—116, 163—171 and 
165—171) (Qian et al., 1995). 


4. Peptides with immunomodulating activities 


a. Bovine milk-derived immunopeptides. Milk protein-derived peptides 
are known to have an effect on the cells of the immune system, as well as on 
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downstream immunological responses and cellular functions. Casein 
hydrolysates modulate the immune function, with different modulatory 
effects attributable to varying enzyme digestion regimes. Pancreatin and 
trypsin digests of as2- and B-casein have been shown to significantly inhibit 
the proliferative responses of murine splenic lymphocytes and rabbit Peyer's 
patch cells, whereas digests derived from pepsin and chymotrypsin treatment 
have no effect when added to in vitro culture with mitogen-stimulated cells 
(Otani and Hata, 1995). Peptides derived from pepsin-trypsin hydrolysis of 
ası- and B-casein also significantly suppress mitogen-induced proliferation of 
human peripheral blood mononuclear cells in vitro (Kayser and Meisel, 
1996). The C-terminal B-casein f(193-199), obtained by a chymosin- pepsin 
digest of bovine casein, has been found to directly stimulate the proliferation 
of rat lymphocytes in vitro, in the absence of mitogens or antigens (Coste 
et al, 1992). Further, human milk hydrolysed by trypsin possesses 
immunostimulating activity (Jolles et al., 1981). Parker et al. (1984) isolated 
a hexapeptide, Val-Glu-Pro-Ile-Pro-Tyr (-casein f(54-59)) and found that it 
stimulates the phagocytosis of sheep's red blood cells by murine peritoneal 
macrophages in an in vitro assay system, as well as enhances the resistance of 
mice to Klebsiella pneumoniae infection when given intravenously. 
Tryptic hydrolysis of human and bovine casein results in two hexapeptides, 
i.e., Pro-Gly-Pro-Ile-Pro-Asn (B-casein f(63-68)) and Thr-Thr-Met-Pro-Leu- 
Trp (a,;-casein f(194-199)), and two tripeptides Gly-Leu-Phe (human and 
bovine a-la) and Leu-Leu-Tyr (B-casein f(191-193)). All these peptides 
stimulate murine peritoneal macrophages at quite low doses. Two peptides 
(Val-Glu-Pro-Ile-Pro-Tyr and Gly-Leu-Phe) from human caseins have been 
shown to increase the phagocytosis of human and murine macrophages and 
protect mice against K. pneumoniae infection (Migliore-Samour et al., 1989; 
Fiat et al., 1993). These two peptides exert a significant effect on binding of 
senescent red blood cells to human monocytic-macrophagic cells and their 
subsequent phagocytosis in a dose-dependent manner (Gattegno et al., 1988). 
Stimulation of phagocytosis by the two peptides is mediated by different 
receptor molecules. Gly-Leu-Phe-specific binding sites have been demon- 
strated on the two phagocytic human blood cells, monocytes and 
polymorphonuclear leucocytes, the latter presenting the most important 
binding capacity. In contrast, Val-Glu-Pro-Ile-Pro- Tyr specifically binds only 
to monocytes-macrophages (Jaziri et al., 1992). 

Two synthetic peptides mimicking milk protein-derived peptides have 
been shown to enhance the proliferation of human peripheral blood 
lymphocytes. These peptides are Tyr-Gly and Tyr-Gly-Gly, which corre- 
spond to fragments of bovine k-casein and a-la. B-Casomorphin-7 and 
B-casokinin-10 show a suppression of lymphocyte proliferation at 
low concentrations, but reveal stimulation at higher concentrations. 
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Protein synthesis is enhanced with di- and tripeptides, while no marked effect 
has been found with B-casomorphin-7 and B-casokinin-10 (Kayser and 
Meisel, 1996). Sütas et al. (1996b) showed that casein hydrolysed by a 
probiotic Lactobacillus GG strain and digestive enzymes (pepsin and trypsin) 
generates compounds with both suppressive and enhancing effects on 
lymphocyte proliferation. The o,;-casein fractions were found to be more 
suppressive on T-lymphocytes than the B-casein fractions. Several known 
immunostimulating peptides have been identified from these hydrolysates 
(Rokka et al., 1997). Ganjam et al. (1997) reported that a yoghurt fraction, 
generated by membrane dialysis and filtration, demonstrated an antiproli- 
ferative effect on cultured mammalian intestinal cells. Cell division was not 
inhibited in response to a similarly produced milk fraction or in response to 
solutions of lactic acid, indicating that the bioactive peptides produced from 
milk during bacterial fermentation are the active compounds. o,;-Casein 
residues 59—79, having a phosphoserine-rich region and isolated from a 
trypsin digest of a,;-casein, have been found to display mitogenic activity and 
enhance immunoglobulin production in mouse spleen cells. Similar results 
have been obtained with B-casein f(1-25) containing a cluster sequence of 
phosphoserine residues, as some commercial mitogens are able to enhance 
cell proliferation in the presence of this peptide (Hata ef al., 1998). 

Opioid receptors are present in human T-cell lymphocytes (Wybran et al., 
1979), which may provide a link between the central nervous system and the 
immune system. There is a considerable body of literature, which 
demonstrates a modulatory function of the immune system by opioids. 
Opioids alter the biochemical and proliferative properties of various cellular 
components of the immune system (Webster, 1998). 8-Casomorphins affect 
the human mucosal immune system, possibly via the opiate receptor, since 
the opiate receptor antagonist, naloxone, reverses the activity (Elitsur et al., 
1991). B-Casomorphins and a-casein exorphins inhibit the cell proliferation 
of human prostate cell lines by a mechanism partly involving opioid receptors 
(Kampa et al., 1997). 


b. Other immunopeptides. A proline-rich polypeptide (PRP) isolated 
from ovine colostral whey has been found to possess regulatory properties 
that stimulate or suppress immune responses. A nonapeptide fragment (Val- 
Glu-Ser-Tyr-Val-Pro-Leu-Phe-Pro) has been isolated from a chymotryptic 
digest of ovine PRP. The corresponding synthetic peptide and its C-terminal 
penta- and hexapeptides show immunoregulatory activities in mice, similar to 
native PRP, including enhancement of splenic antibody responses to 
foreign erythrocyte antigens when administered 3h before immunisation 
(Janusz et al., 1987). Further, ovine PRP has been shown to induce cytokine 
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production by murine macrophages as well as growth and differentiation 
of resting B-lymphocytes (Julius ef al., 1988; Blach-Olszewska and 
Janusz, 1997). 

A tetrapeptide, Thr-Lys-Pro-Arg, called tuftisin, is derived from 
endopeptidase and leukokininase cleavage of the heavy chain F, region of 
IgG. Human Ig-derived tuftisin has a variety of immunoregulatory effects, 
such as stimulation of leukocyte chemotaxis and phagocyte motility, en- 
hancement of phagocyte oxidative metabolism and antigen processing, and 
increase in monocyte- and NK cell-mediated tumor cell cytotoxicity (Werner 
et al., 1986). The immunoregulatory role of bovine Ig-derived tuftisin has not 
been determined, but the high Ig content of bovine milk and colostrum would 
suggest that tuftisin could be of importance for the neonate offspring. 

Sulphated glycopeptides in ovomucin, chalazae and yolk membrane have 
been obtained via tryptic hydrolysis of hen egg proteins. These glycopeptides 
activate in vitro mice macrophages. They enhance macrophage proliferation, 
as well as production of interleukin-1 and hydrogen peroxide from the cells 
(Tanizaki et al., 1997). The glycosidic residues contain N-acetylgalactosa- 
mine, galactose and N-acetylneuraminic acid. Glycosidic and sulphate 
residues play a key role in interactions with macrophage components. 
Oryzatensin, a peptide isolated from a tryptic hydrolysate of rye proteins, 
probably from the albumin fraction, stimulates in vitro phagocytosis of 
human polymorphonuclear leukocytes and also the production of superoxide 
anions by human leukocytes. Furthermore, oryzatensin and its fragments 
cause smooth muscle contraction by stimulating the production of histamine 
and a substance with prostaglandin-like activity (Takahashi et al., 1996). 
Trypsin hydrolysis of soybean protein releases a peptide with the sequence 
His-Cys-Gln-Arg-Pro-Arg. This peptide has been found to stimulate 
phagocytosis in vitro as well as the production of tumor necrosis factor in 
mice (Yoshikawa et al., 1993). 

There is a growing awareness that oligopeptides play an important role as 
signalling molecules in plants. Phytosulphokine-o, a sulphated pentapeptide 
derived from rice (Oryza sativa L.) and asparagus cells, is involved in plant 
cell proliferation mediated by specific membrane-associated binding. 
Furthermore, novel signal transduction pathways have been found that 
activate genes responsible for cell proliferation in plants (Matsubayashi et al., 
1997; Matsubayashi and Sakagami, 1999). 

Pronase-treated hen egg white ovomucin contains two highly glycosylated 
peptide fragments which have an anti-tumor effect. In mice, these fragments 
have been found to cure the treated tumor directly and entirely and to inhibit 
the growth of a distant one indirectly and slightly. An increase in 
immunosuppressive acid protein in serum suggests a slight activation of the 
immune system (Watanabe et al., 1998). 
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5. Peptides with antimicrobial activity 


The natural antimicrobial activity of milk is mainly associated with whey 
proteins, primarily with LF (see Section II.A.d). Early reports associating LF 
with the prevention of microbial growth attributed this function to its ability 
to bind and sequester iron, and to deprive microorganisms of this essential 
nutrient (Bullen et al., 1972; Sanchez et al., 1992). However, hydrolysis of 
LF by pepsin produces hydrolysates in which the antimicrobial potency is 
higher than in undigested LF. The iron-binding capacity of the hydrolysates 
is lost, but the antimicrobial activity is not affected by the addition of iron. 
These results, thus, indicate that the antibacterial activity of these LF 
hydrolysates is not dependent on iron. Peptides with a low MW generated by 
pepsin cleavage or by heat treatment at an acidic pH of LF have been found 
to show broad-spectrum antimicrobial activity in vitro (Tomita et al., 1991; 
Saito et al., 1994). A bactericidal domain has now been isolated and 
identified. All the identified antimicrobial peptides, called lactoferricins, are 
cationic and originate from the N-terminal of the molecule (Bellamy et al., 
1992b; Tomita et al., 1994; Dionysius and Milne, 1997; Hoek et al., 1997). 
These peptides have antimicrobial activity against various Gram-positive 
and -negative bacteria, yeast and filamentous fungi (Bellamy et al., 1992a; 
Kang et al., 1996). Shin et al. (1998) observed that lactoferricin B killed 
four clinical isolates of enterohaemorrhagic E. coli O157:H7 within 3 h of 
concentrations above 10 ug/ml. The pool of fragments obtained after LF 
was digested with trypsin, in which the amount of intact protein was less 
than 196 by weight, retained its antiviral activity toward herpes simplex 
virus Type I. This indicates that the inhibition of the viral infection is not 
exclusively linked to native bovine LF. The main antiviral activity was 
found to be associated with the N-lobe (f1-280) and C-lobe (f345-689) of LF 
(Siciliano et al., 1999). 

An antibacterial peptide has also been purified from bovine milk 
hydrolysed by serine proteases. This peptide was identified as a,o-casein 
f(165-203), casocidin-I, and it inhibits the growth of E. coli and 
Staphylococcus carnosus (Zucht et al., 1995). a-La and B-lg hydrolysed by 
pepsin and trypsin have been shown to lower the metabolic activity of a 
recombinant E. coli strain (Pihlanto-Leppálà et al., 19992). Pellegrini et al. 
(1999, 2001) reported that tryptic or chymotryptic digestions of a-la and B-lg 
yielded several bactericidal polypeptide fragments. The polypeptides were 
mostly active against Gram-positive bacteria while Gram-negative bacteria 
were only poorly susceptible to the bactericidal action of the polypeptides. 
Bacillus subtilis was the most susceptible bacterial strain to the action of these 
peptides. In addition to milk-derived peptides, an antimicrobial peptide has 
been identified from hen ovotransferrin (Ibrahim et al., 2000). This peptide is 
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a cationic fragment and consists of 92 amino acid located within the 109—200 
sequence of the N-lobe. Further, this peptide showed strong bactericidal 
activity against S. aureus and E. coli strains. 

AII the identified LF peptides are distinct from the iron-binding site of 
the molecule, which indicates that the bactericidal mechanism is 
independent of iron chelation. No sequence similarities exist between LF 
peptides and any other antimicrobial peptides. However, like various other 
antimicrobial peptides that display membrane-disruptive properties, LF 
peptides contain a high proportion of basic amino acid residues. Similar to 
LF-derived peptides, casocidin-I is also a cationic peptide, and 10 of its 39 
amino acid residues are basic (Zucht ef al., 1995). The contribution of 
basic amino acids to antibacterial potency has been further illustrated by 
the observation that the antimicrobial activity is lost in shorter peptides 
from lactoferricin, where all basic amino acids are substituted by glutamic 
acid (Kang et al., 1996). The cationic peptides are known to form ion 
channels in artificial membranes and are thought to exert their lethal effect 
by disrupting essential cell-membrane functions (Jack et al., 1998). 
Electron microscopy studies have revealed that lactoferricin B induces a 
profound change in cell ultrastructural features and causes substantial 
damage in bacteria and fungi (Yamauchi ef al., 1993). Bellamy ef al. 
(1993) showed that lactoferricin B binds rapidly to the surface of E.coli 
and B. subtilis. The rate of binding is consistent with the rate of killing 
caused by this peptide. The binding rate is reduced in the presence 
of Mg^* and Ca’*, indicating that ionic interactions have an important 
role in the cell-binding event. The results obtained by Kang et al. (1996) 
suggest that the 11-residue peptide of lactoferricin B is involved in the 
interaction with the bacterial phospholipid membranes. Transmission 
electron microscopy studies show that lactoferricin B acts on the cell 
surface and affects the cytoplasmic contents (Shin et al., 1998). 
Furthermore, lactoferricin B has been found to disrupt the outer membrane 
of Gram-negative bacteria by releasing LPS (Yamauchi et al., 1993). The 
ovotransferrin antimicrobial peptide is capable of killing Gram-negative 
bacteria by crossing the outer membrane by a self-promoted uptake and 
cause damage to the biological function of cytoplasmic membrane 
(Ibrahim et al., 2000). These results indicate that a disruption of normal 
membrane permeability is at least partly responsible for the antibacterial 
mechanism of cationic peptides. 


6. Peptides with mineral-binding properties 


The occurrence of bioactive substances in milk which influence mineral 
metabolism was first documented by Mellander (1950) when he reported that 
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casein-derived phosphorylated peptides enhance vitamin D-independent bone 
calcification in rachitic infants. Caseins are known to contain phosphorylated 
regions. The extent of phosphorylation is dependent on the casein type: &s2- 
casein contains 10—13 phosphate groups, o,-casein contains 7—9, B-casein 
contains 5, and k-casein has only one phosphate group per mole of casein for 
the common genetic variants (Mercier, 1981). These confer to the proteins the 
ability to chelate calcium, which is related to their level of phosphorylation; 
thus as2 > asl > B > k. Further studies on the primary structure have 
indicated that the phosphorylated residues are not evenly spread throughout 
the protein chain, but are often clustered with three or more common cluster 
sequences, such as Ser(P)-Ser(P)-Ser(P)-Glu-Glu-. Phosphate groups appear 
as monoesters of the two hydroxyl amino acids, serine and threonine. These 
phosphorylated fragments are believed to play a crucial role in protecting 
the milk gland against calcification by controlling the calcium phosphate 
precipitation. Furthermore, the fragments help to create thermodynamically 
stable casein micelles, supersaturated with calcium and phosphate, and thus 
contribute to the stability of milk during heat processing (for reviews see 
West, 1986 and Swaisgood, 1993). 

The unique properties of caseinophosphopeptides (CPP) have led to 
much interest in the isolation of CPP fractions and individual peptides. 
By cleavage of casein with enzymes such as trypsin and alcalase, several 
CPPs have been identified in vitro. For example, o,;-casein f(43-58), 
f(59-79), f(43-79), a,5-casein f(1-24) and f(46-70) and Q-casein f(1-28), 
f(2-28), f(1-25), f(33-48) have been isolated from the tryptic hydrolysate 
of whole casein (Juilleart et al., 1989; Adamson and Reynolds, 1995; 
Gagnaire ef al., 1996). The highly anionic character of these peptides 
renders them resistant to further proteolytic attack. The calcium-chelating 
activity of CPP-fragments in vitro has been attributed to the role of 
component phosphoserine residues (polar acidic domain) in stabilising the 
colloidal calcium phosphate of casein micelles. De-phosphorylated 
peptides do not bind minerals (Sato et al., 1986; Berrocal et al., 1989). 
Further evidence of the role of phosphoserine residues in mineral binding 
is illustrated by the observation that chemical phosphorylation of o,;- 
and Q-casein increases the binding capacity and stability of these proteins 
in the presence of Ca?* (Yoshikawa et al., 1981). The proportion 
of phosphopeptides interacting with colloidal calcium phosphate 
correlates with their relative content of phosphoserine residues 
(Gagnaire et al., 1996). 

The Ca?^* binding constant of CPPs is reported to be within 107-10? M7! 
(Sato et al., 1983, 1991; Berrocal et al., 1989; Meisel et al., 1991). Several 
studies have shown that the a,-casein-derived peptide fractions have greater 
binding capacity of Ca?* than the B-casein peptide fractions at a high total 
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calcium concentration. At a low total calcium concentration, the binding 
patterns are similar (Park and Allen, 1998; Park et al., 1998). This is probably 
due in part to the reduced number of phosphoseryl residues in B-casein. 
Other side-chains, such as glutamic and aspartic acids, may also contribute to 
metal binding. 

In addition, peptides binding different minerals have been found in whey 
proteins, i.e., from B-lg, a-la and LF. Since these proteins are not 
phosphorylated, the minerals seem to bind through other binding sites than 
caseins. Seventeen (17) different peptides have been identified by hydrolysis 
of B-lg with thermolysin using two different concentrations of calcium. Also, 
peptides from a-la and LF using trypsin, chymotrypsin or pepsin have been 
reported. Studies with B-lg and a-la peptides have shown a higher affinity for 
iron than the native proteins (Vegarud et al., 2000). 


7. Peptides with other bioactivities 


Several peptides derived from various food proteins exhibit ileum-contracting 
activity. Yamauchi (1992) reported that two peptides derived from serum 
albumin and B-lg induce the contraction of the guinea pig ileum longitudinal 
muscle when the test is completed without electric stimulation in the absence 
of an agonist. The peptides, referred to as "peptides acting on smooth 
muscle", contain serum albumin f(208-216) (albutensin A) and B-lg f(146- 
149) (B-lactotensin). Digestion of B-lg with chymotrypsin has been found to 
produce Q-lactotensin, whose effect in the guinea pig ileum is similar to that 
of B-lactorphin (Pihlanto-Leppàlà et al., 1997). Takahashi et al. (1994) 
isolated a peptide, oryzatensin, showing ileum-contracting and immunosti- 
mulating activity, from the tryptic digest of rice-soluble protein. The 
ileal contracting was biphasic and the rapid contraction was mediated 
through a histamine release and the slow one by a prostaglandin E,-like 
substance. Furthermore, this peptide showed affinity for C3a receptors 
(Takahashi et al., 1996). 

Some of the peptides derived from milk proteins have more than one 
functional role, e.g., peptides from the sequence 60—70 of B-casein show 
immunostimulatory, opioid and ACE-inhibitory activities. This sequence has 
been defined as a strategic zone (Migliore-Samour and Jolles, 1988). The 
sequence is protected from proteolysis because of its high hydrophobicity and 
the presence of proline residues. 

In addition to the strategic zone, some other multifunctional peptides 
can be liberated from milk proteins. Peptide inhibitors of ACE may also 
have immune-system stimulatory activity. ACE catalyses the inactivation 
of bradykinin, which is able to stimulate macrophages to enhance 
lymphocyte migration and increase the secretion of lymphokines 
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(Paegelow and Werner, 1986). It has further been reported that a,)-casein 
f(194-199) has immunomodulatory and ACE-inhibitory activity (Maruyama 
et al., 1987; Migliore-Samour et al., 1989). Also, the opioid peptides a- 
and Q-lactorphin have been found to exhibit ACE-inhibitory activity 
(Chiba and Yoshikawa, 1986; Mullally et al., 1996; Nurminen et al., 
2000). An opioid antagonist peptide derived from k-casein, casoxin C, has 
activity towards C3a receptors and shows phagocyte-stimulating activity 
(Takahashi et al., 1994, 1997). The complement C3a is cleaved from C3 
upon activation of the complement system; this is an important 
inflammatory mediator in host defense (Hugli, 1989). A human ag;- 
casein-derived peptide, casoxin D (Tyr-Val-Pro-Phe-Pro-Pro-Phe), 
possesses various kinds of activity, such as opioid antagonist, ileum- 
contracting and ACE-inhibitory activities (Yoshikawa et al., 1994). 
As phosphopeptides also have immunomodulatory properties (Hata et al., 
1998, 1999), it can be concluded that many of the known bioactive 
peptides have more than one functional property, at least in vitro. 

Recent studies have shown that antioxidative peptides can be released 
from casein. Casein-derived peptides have been shown to have free radical 
scavenging activity to inhibit enzymatic and non-enzymatic lipid peroxi- 
dation (Suetsuna et al., 2000; Rival et al., 2001a,b). Nagaoka et al. (2001) 
identified a novel hypocholesterolemic peptide (Ile-Ile-Ala-Glu-Lys) from 
the tryptic hydrolysate of B-lg. This peptide suppressed in vitro cholesterol 
absorption by Caco-2 cells and elicited hypocholesterolemic activity in vivo 
in rats upon oral administration of the peptide solution. In the test group, total 
cholesterol levels in serum were significantly lower, whereas HDL 
cholesterol concentration and the atherogenic index were significantly higher 
than in the control groups fed a casein tryptic hydrolysate or B-sitosterol 
containing diet. The mechanism of the hypocholesterolemic effect remains to 
be elucidated. 

In addition to biological activities, peptides play an important role in 
the development of flavor in protein-rich foods, such as cheese, meat, 
sausage and fermented soy products. Hydrolysed vegetable proteins 
contain savoury flavor which is assumed to be caused by a high content 
of free amino acids, low MW peptides, salt and organic acids. Savoury 
peptides contain high molar contents of glutamic acid and hydrophilic 
amino acid residues (Arai et al., 1972; Aaslyng et al., 1998). Noguchi 
et al. (1975) reported that, for example, acid peptides Glu-Asp-Glu, Asp- 
Glu-Ser and Ser-Glu-Glu found in fish protein hydrolysate, had savoury 
properties similar to those of sodium glutamate. Comparison of the taste 
profiles of different wheat gluten enzymatic hydrolysate revealed that 
acid-deaminated wheat gluten elicited an intense glutamate-like taste. 
From the hydrolysate four pyroglutamyl peptides were identified: 
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pGlu-Pro-Ser-, pGlu-Pro, pGlu-Pro-Glu and pGlu-Pro-Gln. Apparently, 
these peptides were formed by cyclization of the N-terminal glutamine 
residues during the preparation of the hydrolysates, and were, at least, 
partly responsible for the glutamate-like taste (Schlichtherle-Cerny and 
Amado, 2002). 

On the other hand, peptides have also been described as being responsible 
for the undesirable bitter tastes of cheese and enzymatically hydrolysed fish, 
soybean and corn proteins (Saha and Hayashi, 2001). The bitter taste is due 
to the formation of low MW peptides, consisting of 2-23 amino acid 
residues or in the molecular range 500—3000 Da, composed mainly of 
hydrophobic amino acids. The bitter peptides are not a major component; 
they account for only 5—10% of the weight of the hydrolysate. Trypsin, for 
example, produces a casein hydrolysate in which most of the bitter taste can 
be ascribed to only one peptide, B-casein f(203-209) (Gly-Pro-Phe-Pro-Ile- 
Ile-Val) (Matoba et al., 1970). In cheese, lactococcal proteinases and rennet 
are responsible for the formation of bitter peptides from caseins in Cheddar 
cheese. Bitter peptides can be degraded to non-bitter peptides and amino 
acids by peptidases; accordingly, the overall bitterness intensity depends on 
the rate of formation and degradation of the bitter peptides. B-casein f(193- 
209) is an important bitter peptide which can be found in Gouda and 
Cheddar cheese. The bitter recognition level was reported to be 0.35 mg/ml 
(Smit et al., 2000; Soeryapranata et al., 2002). Seki et al. (1996) hydrolysed 
12 different food proteins by B. licheniformis alkaline proteases to peptides 
of average chain length 2.26—4.02. Hydrophobic amino acids situated in the 
interior of protein molecules were exposed by fragmentation and the 
peptides containing hydrophobic amino acid residues were found in aqueous 
solution. The peptides from casein showed the highest hydrophobicity and 
most bitter taste. Several bitter-tasting hydrophobic peptides with 3—6 
amino acid residues were isolated from soybean protein hydrolysed by 
alcalase. The peptides were predominantly composed of hydrophobic amino 
acids and with leucine, valine or tyrosine at the C-terminal part (Kukman 
et al., 1995). Henriksen and Stahnke (1997) performed sensory and 
chromatographic evaluation of water-soluble fractions from dried sausages. 
They found that bitterness was dependent on the level of hydrophobic amino 
acids present in these fractions. A number of approaches have been tried to 
remove the bitterness of protein hydrolysates, for example, by extraction of 
bitter peptides with organic solvents, hydrophobic interaction chromatog- 
raphy or activated carbon. Bio-based methods include further hydrolysis of 
bitter peptides with enzymes such as aminopeptidase, alkaline/neutral 
protease and carboxypeptidase, condensation of bitter peptides using 
protease, and use of Lactobacillus as a de-bittering starter adjunct 
(Stevenson et al., 1998; Saha and Hayashi, 2001). 
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B. POTENTIAL PHYSIOLOGICAL IMPORTANCE 


1. Liberation and fate of peptides in vivo 


To exert their physiological effects in vivo, bioactive peptides must be 
released during intestinal digestion and then reach their target sites at the 
luminal side of the intestinal tract or, after absorption, in the peripheral 
organs. Figure 1 presents a scheme of the intestinal assimilation of protein 
and the routes of bioactive peptide liberation. 

The GI tract of humans contain a number of enzymes involved in the 
hydrolysis of proteins and peptides and they are located in a number of sites. 
It is important to recognize that peptidase enzymes never occur alone. 
Throughout the GI tract, there is always a mixture of peptidases working 
synergistic. The main event in the intraluminal digestion of proteins consists 
of cleavage of polypeptides by pancreatic proteases, such as trypsin, 
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FIG. 1 Digestion and absorption of proteins in the small intestine. (1) Brush-border 
peptidases, (2) brush-border amino acid transport systems, (3) brush-border peptide 
transport systems, (4) cytoplasmic peptidases, (5) basolateral amino acid transport 
systems, (6) basolateral peptide transport systems. 
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chymotrypsin, elastase and carboxypeptidase. Furthermore, the microorgan- 
isms of the colon produce large numbers of peptidase enzymes in 
considerable quantities that participate in protein digestion. As a result of 
intraluminal digestion, the brush-border membrane of the enterocyte is faced 
by a mixture of oligopeptides and free amino acids. The brush-border has to 
clear the products of intraluminal protein digestion, essentially by means of 
two mechanisms: brush-border hydrolysis of oligopeptides with subsequent 
transport of the resulting free amino acids, and membrane translocation of 
small peptides with subsequent hydrolysis of these peptides by cytosolic 
peptidases. There are a large number of peptidases found in the brush- 
border membrane of the enterocyte, mainly belonging to four classes: 
endopeptidases, aminopeptidases, carboxypeptidase and dipeptidases 
(Gardner, 1984 and Woodley, 1994). Studies in which bovine milk proteins 
were incubated under conditions imitating GI digestion have demonstrated 
the release of, e.g., B-casomorphins, a-casein exorphins and casoxins 
(Zioudrou et al., 1979; Petrilli et al., 1984; Chang et al., 1985; Yoshikawa 
et al., 1986). In addition, the contents of the small intestine have been 
examined both in animal and in human studies after ingestion of milk 
proteins. Moreover, several studies have already provided evidence for the 
liberation of B-casomorphins, CPPs and immunostimulatory peptides from 
casein into the intestinal lumen of mammals after ingestion of milk or a diet 
containing casein (Naito et al., 1972; Sato et al., 1983; Meisel, 1986; Meisel 
and Frister, 1989; Scanff et al., 1992). An antimicrobial peptide, lactoferricin 
B, has been detected in the gastric content of rats fed bovine LF. This finding 
indicates that active peptides of LF can be generated by gastric pepsin 
digestion in vivo (Tomita et al., 1994). 

The small intestine is the principal site of protein absorption. Within the 
small intestine, there are regional variations in the absorptive capacities for 
protein digestion products. Additionally, the end-products, amino acids and 
peptides, are absorbed by different mechanisms. The ability of the small 
intestine to absorb amino acids and peptides varies significantly due to several 
factors. These variations are seen during development, pregnancy and 
lactation, and also in response to diseases, intestinal secretion, and the 
quantity and quality of the diet. The results using electrophysiological 
methods, during the 1970s and 1980s have suggested the existence of a 
peptide transport system in the intestinal epithelium by which peptides would 
be actively transported through the apical membrane under a H* gradient 
(Canapathy and Leibach, 1985; Hoshi, 1986). However, this transport 
mechanism carries only di- and tripeptides (Daniel et al., 1992). The peptide 
transporter protein has been cloned from the intestine and the results 
confirmed the specificity of this transporter (Fei et al., 1994). Oligopeptides 
with more than four residues are hardly, if at all, recognized by this 
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transporter system. Three different transport routes, namely paracellular, 
fluid-phase and adsorptive transcytosis, may participate in oligopeptide 
transport across the intestinal epithelium (Burton ef al., 1992; Pappenheimer 
et al., 1994; Shimizu et al., 1997). The contribution of each route must be 
different among the peptides, depending on the molecular size and other 
structural properties such as hydrophobicity. 

Di- and tripeptides, such as immunopeptides and several ACE-inhibitors, 
may pass across the intestine in quantitatively significant amounts to reach 
peripheral target sites. After absorption in the intestinal tract, serum 
peptidases can further hydrolyse the peptide bonds. Resistance to peptidase 
degradation may, in fact, be a prerequisite for a physiological effect following 
oral ingestion and/or the intravenous infusion of biologically active 
peptides/hydrolysates. The absorption and degradation of natural 
B-casomorphins and their analogues have been studied intensively. Natural 
B-casomorphins have been demonstrated to resist gastric and pancreatic 
proteolytic enzymes based on their high proline content (Brantl et al., 1979; 
Henschen et al., 1979). Studies have shown no intact transepithelial passage 
of B-casomorphins, however, which were rapidly degraded by the intestinal 
or blood enzymes (Kerchner and Geary, 1983; Tomé et al., 1987; Mahé et al., 
1989; Read et al., 1990). Nevertheless, B-casomorphin immunoreactive 
material was found in the plasma of newborn calves, dogs and human infants 
after ingestion of bovine milk (Umbach ef al., 1988; Singh et al., 1989; Storm, 
1990), as well as in the brain stem of the human infant (Pasi et al., 1993). 
Indirect evidence suggests the presence of B-casomorphins in the intestinal 
contents of humans after milk ingestion, whereas milk-derived opioid 
peptides do not seem to permeate into the cardiovascular compartment 
in more than negligible amounts in adult mammals (Svedberg et al., 1985). 
Koch et al. (1988, 1994) detected (3-casomorphin immunoreactive material 
in the plasma of pregnant women and in the plasma after parturition. On the 
other hand, Teschemacher et al. (1986) did not find B-casomorphins in 
human plasma after ingestion of milk, since the enzymatic degradation of 
peptides in the intestinal wall and in the blood appeared to prevent it. 
Accordingly, B-casomorphin peptides are likely to be destroyed before 
crossing the intestinal lining and reaching opioid receptors. In addition, two 
antithrombotic peptides derived from k-casein have been detected in the 
plasma of newborn infants after ingestion of a cow's milk-based formula or 
human milk (Chabance et al., 1995). 


2. Effects on the nervous system 


Opioid peptides can be considered as compounds having possible effects on 
the nervous system. The existence of u, K and ò opioid receptors in the central 
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nervous system is well documented. As opioid receptor ligands, these 
peptides can be expected to behave like other opioids, i.e., to act as agonists or 
antagonists, to bind to receptors and to elicit effects in all cells or tissues 
where opioids are known to be active. Natural B-casomorphins show a 
preferential affinity for the -receptors (Teschemacher et al., 1994). In rats 
B-casomorphins have been found to cause analgesia (Brantl et al., 1981; 
Grecksch et al., 1981; Widy-Tyskiewicz and Czlonkowski, 1989), apnea 
(Hedner and Hedner, 1987) as well as changes in the sleep of neonatal rats 
(Taira et al., 1990). Naloxone pre-treatment reverses these effects, suggesting 
that opioid p.-receptors are involved. Blass and Blom (1996) demonstrated 
that the behavior of infant rats is sensitive to elevations in central 
B-casomorphin concentration and that the effectiveness against pain is 
mediated through central opioid pathways. These effects have been 
demonstrated by intracerebral, intraperitoneal or intraventicular injections. 
On the other hand, it has been found that oral milk infusion also causes 
analgesia reversed by naloxone in rats (Blass and Fitzgerald, 1988). A casein 
hydrolysate containing a decapeptide as its active component has been shown 
to reveal anxiolytic-like activity in vivo, both in animal and human studies 
(Lefranc, 2002). 


3. Effects on the GI tract 


Opiates are reported to influence GI function in two ways: first, they affect 
smooth muscle, which reduces the transit time, and second, they affect the 
intestinal transport of electrolytes, which explains their antisecretory 
properties (Wüster et al., 1981). 

It has been shown that casomorphins inhibit intestinal motility in isolated 
segments of the rat ileum (Allescher et al., 1994). In healthy human 
volunteers, morphiceptin has been shown to delay the GI transit time 
(Schulte-Frohlinde et al., 1994). Furthermore, an in vivo study showed that 
luminal administration of morphiceptin had a significant antisecretory effect 
at micromolar concentrations in rats (Erll et al., 1994). The enhancement of 
net water and electrolyte absorption by B-casomorphin in the intestine leads 
to antidiarrhoeal action (Daniel et al., 1990, 1991). This action seems to 
depend on the transfer of intact peptides from the luminal to the blood side of 
the tissue where the opioid receptors are located. The action is prevented by 
the hydrolysis of natural peptides. Tomé et al. (1988) proposed that a B- 
casomorphin analogue acts through a neuromediated mechanism, since it is 
inhibited by a neurotoxin. This is consistent with earlier findings showing that 
opiate receptors are not present on the enterocyte membrane of the rabbit 
intestine, but are mainly located in the submucosal and myenteric plexuses 
(Binder et al., 1984). 
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4. Antihypertensive effect 


The inhibition of ACE, located in different tissues (e.g., plasma, lung, kidney, 
heart, skeletal muscle, pancreas, brain) may influence various regulatory 
systems (Ondetti and Cushman, 1984). ACE plays a pivotal role in two 
independent humoral systems that affect blood pressure, since it is responsible 
for the generation of a vasopressor agent, angiotensin IL, and for the 
inactivation of a vasodepressor agent, bradykinin. Many specific ACE- 
inhibitors have been developed for use as a potent, orally administered 
antihypertensive drug (Wyvratt and Patchett, 1985). 

A number of studies have been carried out on the antihypertensive effect of 
ACE-inhibitory peptides in SHR (Table V). For example, intraperitoneal or 
oral administration of casein hydrolysates and oral administration of ACE- 
inhibitory peptides (a,)-casein f(23-34), f(194-199) or B-casein f(177-183)) 
decreased blood pressure in SHR but not in normotensive rats (Yamamoto 
et al., 1994). Moreover, cheese whey digested with proteinase K had a 
depressive effect on SBP, with the highest antihypertensive activity being 
found with the tripeptide Ile-Pro-Ala derived from B-lactoglobulin (Abubakar 
et al., 1998). Yamamoto et al. (1999) observed a strong antihypertensive 
effect in SHR after oral administration of whey from a yoghurt-like 
product where a dipeptide (Tyr-Pro) was formed upon fermentation with a 
L. helveticus CPN4 strain. However, the ACE-inhibitory activity of this 
peptide was not strong. Nurminen ef al. (2000) demonstrated that 
subcutaneous administration of a synthetic tetrapeptide, a-lactorphin 
(Tyr-Gly-Leu-Phe), dose-dependently lowered the systolic and diastolic 
blood pressure in SHR as well as in normotensive Wistar—Kyoto rats. The 
antihypertensive effect of a Japanese commercial fermented milk has been 
demonstrated both in SHR and in mildly hypertensive humans (Hata et al., 
1996; Takano, 1998). This product contains two ACE-inhibitory tripeptides 
(Val-Pro-Pro and Ile-Pro-Pro) which are formed from B-casein and k-casein 
by fermentation of milk with L. helveticus and S. cerevisiae. Nakamura et al. 
(1995b) found that oral administration of 5 ml of above-mentioned fermented 
milk/kg of body weight (BW) significantly decreased SBP in SHR, and the 
peptides showed dose-dependent activity up to a dosage of 5 mg/kg BW. 
Neither the peptides alone nor the fermented milk changed the SBP of 
normotensive rats. Masuda et al. (1996) detected these tripeptides in the aorta 
of SHR after oral administration of the same fermented milk. Furthermore, 
the ACE activity in fractions from the aorta was lower in the rats given 
fermented milk than in the control group. The tripeptides were thus absorbed 
directly, reached the abdominal aorta, inhibited ACE and displayed 
antihypertensive activity. A placebo-controlled human study showed that 
the blood pressure of mildly hypertensive subjects decreased significantly 


TABLE V 


SELECTED MILK PROTEIN-DERIVED PEPTIDES WITH ANTIHYPERTENSIVE ACTIVITY 


Peptide Origin Preparation ACE-inhibitory Antihypertensive Maximal decrease References 
activity (M)^ oral dose in in SBP,“ 
ICs uM SHR? (mg/kg) (mean + SEM) 
(mmHg) 
TTNPLW o,1-cn f(194-199) Casein + trypsin 16 100 14+4 Karaki 
FFVAPFPEVFGK ocn f(23-34) 59 100 34 + 13 et al. (1990) 
AVPYPQR B-cn f(177-183) 15 100 10+1 
YKVPQL ası-cn f(104-109) Casein + 22 1 12+5 Maeno 
KVLPVPQ B-cn f(169-175) L. helveticus 1000 2 32 +6 et al. (1996) 
proteinase 
VPP B-cn f(74-76), L. helveticus 9 5 20 + 2 Nakamura 
f(84-86) fermentation et al. (1995a,b) 
IPP «-cn f(108-110) 5 5 18 +4 
YP a-, B- and k-cn L. helveticus 720 10 32 ET Yamamoto 
CPN4 et al. (1999) 
fermentation 
YGLF a-la f(50-53) a-la + pepsin 733 0.1 2344 Nurminen 
et al. (2000) 
IPA B-lg f(78-80) Whey + 141 8 31 Abubakar 
proteinase K et al. (1998) 
RPKHPIKHQ ası-cn f(1-9) Gouda cheese 13 6.1-7.5 9-075 Saito et al. (2000) 


“ICso pM = peptide concentration required to inhibit ACE (angiotensin converting enzyme) by 50%. 


Spontaneously hypertensive rat. 
“Systolic blood pressure. 
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between 4 and 8 weeks after daily ingestion of 95 ml of the above-mentioned 
fermented milk (Hata et al., 1996). In the placebo group, no major changes in 
blood pressure were observed. The antihypertensive effect in vivo of milk- 
derived peptides has been supported by recent studies of Sipola et al. (2001, 
2002a). A long-term (up to 12 weeks) intake of a L. helveticus fermented milk 
containing the tripeptides Val-Pro-Pro and Ile-Pro-Pro attenuated signifi- 
cantly the development of hypertension in young SHR, whereas skim milk 
intake did not affect the blood pressure. The effect was detectable after 6 
weeks of treatment. Furthermore, Seppo et al. (2002) demonstrated that a 
daily ingestion of 150 ml of this fermented milk for 8 weeks decreased the 
blood pressure in slightly hypertensive human subjects. 

The results obtained in above studies suggest that the ACE-inhibitory 
peptides are absorbed from the digestive tract, that they inhibit endogenous 
ACE activity and that they decrease the blood pressure. The importance of 
food proteins for cardiovascular function may, therefore, not only be that 
they support the maintenance of the blood vessel walls but also that they 
inhibit ACE activity and help to maintain normal blood pressure. Besides 
ACE inhibition, other mechanisms may also be involved in the blood 
pressure-lowering action of various peptides. For example, the blood 
pressure-lowering mechanism of a-lactorphin is not ACE inhibition, but 
rather appears to be due to an interaction with opioid receptors, since the 
response can be antagonised by pre-treatment with naloxone (Nurminen 
et al., 2000; Sipola et al., 2002b). Several studies have demonstrated the 
cardiovascular effect of endogenous opioids (Feuerstein and Siren, 1987; 
Widy-Tyszkiewicz and Czlonkowski, 1991; Wang and Ingenito, 1994; Chu 
et al., 1999). It is difficult to clarify the mechanism of this phenomenon 
because of the numerous opioid peptides and receptor subtypes, and is, 
therefore, at least partly unknown. 


5. Effect on the defense mechanism 


The systems involved in the defense mechanism of the body are both varied 
and complex. Investigating the role of biologically active peptides has proved 
to be a very promising line of research. The main focus is on two peptide 
groups, namely on immunomodulatory (stimulating the immune response) 
and antimicrobial (inhibiting pathogenic microbes) peptides. 

The immunomodulatory effect of many peptides has been demonstrated 
in vitro in a number of studies (Migliore-Samour et al., 1989; Fiat et al., 1993; 
Kayser and Meisel, 1996; Sütas et al., 1996a,b). Immunomodulatory milk 
peptides affect both the immune system and the cell proliferation responses. 
With regard to in vivo effects, there is only a very limited amount of 
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information available. Parker et al. (1984) observed increased resistance to 
K. pneumoniae in rats treated intravenously with a hexapeptide derived from 
human Q-casein. The Tyr-Gly and Tyr-Gly-Gly peptides, potentially derived 
from k-casein and a-la, have been found to be active in a dialysed leukocyte 
extract from normal donors. These peptides modulate the lymphokines 
production in vitro and enhance dermal skin test responses in vivo when given 
intracutaneously with a tetanus toxoid antigen. Encouraging results have been 
obtained after a bi-weekly treatment of 93 patients with an AIDS-related 
syndrome; the patients showed a significantly reduced tendency to progress to 
a clinically relevant endpoint or to AIDS (Hadden, 1991). 

Various antimicrobial peptides have been shown to inhibit in vitro the 
growth of many pathogenic and non-pathogenic microbes. In particular, 
lactoferricin, a peptide derived from LF by pepsin digestion, has been found 
to display antimicrobial activity in vitro against both Gram-positive and 
Gram-negative microorganisms (Bellamy et al., 1992a,b; Jones et al., 1994). 
o,1-Casein f(1-23), isracidin, obtained by chymosin hydrolysis, has been 
shown to protect mice against S. aureus and C. albicans at concentrations 
comparable with known antibiotics. Field trials have indicated that the 
injection of isracidin into the udder gives protection against mastitis in sheep 
and cows (Lahov and Regelson, 1996). Moreover, bactericidal peptides may 
assist in protecting against microbial challenge, especially in the neonatal 
intestinal tract, and thus support the non-immune defense of the gut (Jelen, 
1992). These results have been obtained by parenteral administration of the 
peptides, but for the moment there are no studies available to demonstrate the 
antimicrobial effect when the peptides are given orally. 


6. Effect on mineral absorption 


Several studies have been performed during the last two decades on CPPs 
which may function as carriers for different minerals, especially calcium. 
Published data on the effect of CPP/casein on mineral solubility and ab- 
sorption are inconsistent, partly due to the diversity of the experimental 
approaches. Most of the findings in the literature that deal with the mineral 
absorption-stimulating effect of CPP are based on in vitro, in situ, cell 
culture or single meal studies. Majority of the studies have been done with 
rats and have provided considerable evidence for the potential effect of 
casein-derived phosphopeptides to improve mineral absorption. This 
potential is not limited to calcium but is also valid for zinc and iron, and 
possibly other elements that have not been investigated so far (FitzGerald, 
1998). Furthermore, CPPs have been shown to have anticariogenic 
properties, based on their ability to localise amorphous phosphate in dental 
plaque (Reynolds, 1998). 
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Data obtained by in situ loop techniques demonstrate that CPPs increase 
the intestinal Ca?* absorption (Mykkänen and Wasserman, 1980; Lee et al., 
1980, 1983; Kitts and Yuan, 1992; Kitts et al., 1992). In the rat pup, not only 
calcium but also zinc absorption was improved after gastric intubations of 
Ca-containing CPP in the presence of phytate. No effect was found when a 
Na-containing CPP preparation or casein or whey protein was added 
(Hansen et al., 1996). In balance studies with weaning rats, CPP supple- 
mentation has not shown any influence on intestinal Ca^" absorption 
(Pointillart and Guéguen, 1989; Yuan and Kitts, 1991). Saito et al. (1998) 
demonstrated that CPP supplementation enhanced Ca absorption under 
conditions of marginal dietary calcium. Accordingly, they suggested that the 
Ca content of the diet might be an important factor to determine the effect of 
CPP on Ca absorption. However, studies that have failed to find an effect 
of CPP on Ca absorption have used both high and low levels of dietary Ca 
(Kopra et al., 1992; Tsuchita et al., 1993). Bennett et al. (2000) showed that 
Ca absorption was enhanced by high-casein meals in rats, but at high-dietary 
casein intakes the Ca absorption efficiency was reduced, probably either due 
to adaptation in the active trans-cellular Ca transport or acceleration in the 
rate of gastric emptying. Tsuchita et al. (2001) recently indicated that the 
addition of CPP to Ca-fortified milk could increase Ca absorption in young 
male rats. In contrast, no effect of extrinsic CPP on Ca absorption was 
apparent when the animals were given unfortified milk. Increasing the 
amount of soluble Ca is most probably the key mechanism to augmenting 
Ca absorption from the small intestine. Therefore, it is effective to move 
CPP simultaneously with Ca from the stomach to the small intestine, where 
the interaction between CPP and Ca would take place. Good availability of 
Ca has been shown when all dietary Ca is bound to CPP in advance 
(Tsuchita et al., 1996). 

There is controversy also in reports from studies on human subjects. For 
example, Hansen et al. (1997) found that Ca absorption from high- or low- 
phytate meals was not significantly influenced by the addition of CPP in 
healthy adult subjects. Heaney et al. (1994) reported that CPP administration 
was associated with better absorption of co-ingested Ca by postmenopausal 
women with low basal absorptive performance. This finding suggests that 
CPP supplementation is particularly useful for persons whose basal 
absorptive performance is low. 

It has been further reported that not only the calcium metabolism but also 
other minerals and other aspects of mineral status may be influenced by 
CPPs. Ait-Oukhatar et al. (1997) found that in young iron-deficient rats, 
CPP-bound iron had a positive effect on some parameters of iron status and 
metabolism, such as mean cell volume, haemoglobulin and haematocrit, and 
a negative effect on some parameters, such as urine iron. Other parameters, 
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like iron absorption of red blood cells, were not affected. The authors 
concluded that binding iron to CPP seemed to improve its bioavailability, a 
finding recently confirmed by Peres et al. (1999) and Ait-Oukhatar et al. 
(2000). In addition, Chaud et al. (2002) showed that iron from iron- peptide 
complex was transferred to the blood in a dose-dependent manner, and the 
serum iron levels were significantly higher than in a similar group of rats 
treated with iron sulfate or free peptide with iron sulfate. These results 
suggest the iron— peptide complex is a potential compound for use as an iron 
source in biological situations. 

CPPs have been shown to stabilise amorphous calcium phosphate 
(ACP), and may, thus, be used to localise ACP in dental plaque, 
maintaining a state of supersaturation with respect to tooth enamels, 
reducing demineralization and enhancing remineralization (Reynolds, 
1998). Studies by Rose (2000a,b) have shown that CPP—ACP binds well 
to dental plaque, providing a large calcium reservoir which is likely to 
restrict mineral loss during a cariogenic episode and to provide a potential 
source of calcium for subsequent remineralisation. Overall, once in place, 
the CPP-ACP will restrict the progress of caries. Another interesting 
property associated with CPPs is their potential to enhance mucosal imm- 
unity. In a recent study, Otani et al. (2000) reported that oral admini- 
stration of a commercial caseinphosphopeptide preparation enhanced the 
intestinal IgA levels in piglets. 


IV. TECHNOLOGICAL PROCESSES FOR THE PRODUCTION 
OF BIOACTIVE PROTEINS AND PEPTIDES 


A. FRACTIONATION TECHNIQUES OF BIOACTIVE PROTEINS 


Most of the biologically active proteins occur naturally in relatively low 
concentrations and may, therefore, not be potent enough to produce beneficial 
effects in vivo, as expected. Also, traditional isolation techniques, such as 
extraction with organic solvents or coagulation with strong acids or alkalines, 
may denature the desirable proteins, thus making them inactive. Conse- 
quently, it has been necessary to develop appropriate novel technologies for 
the isolation and enrichment of bioactive proteins in an active form. The 
advent of membrane separation techniques in the 1970s has contributed 
to the commercial production of whole-whey protein products, e.g., WPC 
with protein contents of 30-80%. Basic membrane separation processes, 
such as reverse osmosis, ultrafiltration (UF) and diafiltration, are now 
industrially applied to the manufacture of ordinary whey powder and WPCs. 
The development of industrial-scale gel filtration and ion-exchange 
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chromatography techniques has made it possible to manufacture whey protein 
isolates (WPI) with protein contents of 90-95%. These well-established 
technologies have been reviewed in several articles (Jelen, 1992; Morr and 
Ha, 1993; Rosenberg, 1995; Timmer and van der Horst, 1998). A more recent 
technique, nanofiltration, allows the selective separation of salts and ions 
from whey. By means of this technique, it has become possible to 
manufacture industrially demineralised and highly fractionated whey protein 
ingredients. The chemical composition and functionality of whey protein 
preparations are largely affected by the method used in the process (Kinsella 
and Whitehead, 1989; Mangino, 1992; Mulvihill, 1992; Kilara, 1994; 
Korhonen ef al., 1998a). Due to the inconsistent functionality of the WPCs 
and WPIs, they have found only a limited range of applications, mainly in the 
dairy, bakery and meat industries (Kelly and McDonagh, 2000). 

Techniques for isolating individual whey proteins have now progressed 
from laboratory-scale to large-scale processing. There is, however, a need to 
improve the chemical purity of the commercial protein products available. 
Different combinations of heat precipitation and UF using selective 
membranes have been applied for the fractionation of B-lg and a-la in 
enriched or purified form (Pearce, 1983; Maubois and Ollivier, 1997; 
Maubois, 2000). In this process, a-la undergoes isoelectric precipitation at pH 
4.2 and at 55—65°C due to the dissociation of calcium ions and hydrophobic 
interactions. Other minor whey proteins also precipitate under these 
conditions, while B-lg remains soluble and can be separated, concentrated 
by membrane methods, and finally dried. The purity of the a-la and B-lg 
preparations manufactured by these techniques ranged from 50 to 8096 and 60 
to 99%, respectively (Timmer and van der Horst, 1998). In addition to 
selective membrane separation, ion-exchange chromatography using basic 
silica and polystyrene anion resins has been employed successfully for the 
fractionation of B-lg from whey in a pilot-scale process (Outinen et al., 1996). 
Other novel methods developed for the separation of the above major whey 
proteins are based on enzymatic hydrolysis of whey proteins by pepsin and 
concentration of B-lg, which is resistant to pepsin, by UF (Kinekawa and 
Kitabatake, 1996; Konrad et al., 2000; Sannier et al., 2000). Other recent 
techniques developed for the separation of whey proteins are based on radial 
flow chromatography columns, i.e., the Sepralac TM-process (Ahmed, 1998), 
on ion-charged chromatographic membranes and beads in columns (Timmer 
and van der Horst, 1998), and on anion-exchange binding material (de Jongh 
et al., 2001). 

There is considerable commercial interest currently in the isolation of 
biologically active minor whey proteins, such as LF, LP, Ig and GMP. Over 
the past decade, a number of patented pilot- or industrial-scale methods 
have been developed for the purification or enrichment of these compounds 
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from colostral or cheese whey (Mulvihill and Fox, 1994; de Wit and 
Hoojdonk, 1996; Maubois and Ollivier, 1997). Large-scale production 
techniques based on cation-exchange resins followed by gel filtration or UF 
have been developed for the isolation of LF and LP from cheese whey 
(Burling, 1994; Uchida et al., 1996). Chiu and Etzel (1997) successfully 
used a microporous membrane containing immobilised sulfonic acid 
moieties to fractionate LP and LF from cheese whey. Recovery rates 
were 73 + 6% for LP and 50 + 5 for LF. The membrane system was more 
rapid, smaller and used a higher flow rate than traditional bead-based 
systems. Also, several chromatographic or membrane separation methods 
have been devised for the isolation of GMP (Kawasaki et al., 1994; Outinen 
et al., 1995; Abd El-Salam et al., 1996; Maubois, 2000). Similar techniques 
have been applied for the separation of immunoglobulins from colostral or 
cheese whey (Stott and Lucas, 1989; Fukumoto et al., 1994a,b; Korhonen 
et al., 1998b). All the above-mentioned proteins are nowadays commer- 
cially available as separate ingredients and have found applications in 
specific products, such as infant formulas, clinical diets, colostral supple- 
ments and toothpaste, and as a preservative of raw milk (Horton, 1995; 
Kelly and McDonagh, 2000; Steijns, 2001). 

The recent introduction on the market of a new category of health- 
promoting functional food has created a need to develop appropriate novel 
technologies in order to optimise the desired beneficial properties of bioactive 
ingredients. To this end, novel techniques, such as high hydrostatic pressure, 
supercritical fluid extraction, microencapsulation and pulsed electric field 
techniques may provide feasible options in the future (Korhonen, 2002). 


B. ENRICHMENT OF SPECIFIC PEPTIDE FRACTIONS 


So far, the most common way to produce bioactive peptides has been 
enzymatic digestion using different scales and techniques. Hydrolysis can be 
performed by conventional batch hydrolysis or by continuous hydrolysis 
using UF membranes. The traditional batch method has several disadvan- 
tages, such as the relatively high cost of the enzymes and their inefficiency 
compared to a continuous process, as noted in numerous studies (Mannheim 
and Cheryan, 1990; Chiang et al., 1995). UF membrane reactors have been 
shown to improve the efficiency of enzyme-catalysed bioconversion, to 
increase product yields, and to be easily scaled-up. Furthermore, UF 
membrane reactors yield a consistently uniform product with desired 
molecular mass characteristics (Mehaia and Cheryan, 1990). UF steps 
using low molecular mass cut-off membranes may be useful to separate 
small peptides from high molecular mass residues and remaining enzymes 
(Figure 2). 
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FIG. 2 Flow diagram for production and separation of bioactive peptides from food 
proteins obtained by enzymatic hydrolysis. 


Retentate 2 


Pancreatic enzymes, preferably trypsin, have been used for the chemical 
characterisation and identification of many known bioactive peptides. For 
example, ACE-inhibitory peptides as well as CPPs are most commonly 
produced by trypsin (Maruyama and Suzuki, 1982; Berrocal et al., 1989). 
On the other hand, other enzymes and different enzyme combinations of 
proteinases, including alcalase, chymotrypsin, pancreatin and pepsin, as 
well as enzymes from bacterial and fungal sources have also been utilised 
to generate bioactive peptides. Higher yields of CPPs and, particularly, 
higher amounts of o,;-casein f(59-79) in the hydrolysate have been 
obtained with casein micelles successively digested with pepsin and trypsin 
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than from acid-precipitated casein and casein micelles by tryptic digestion 
alone (Ono ef al., 1998). Microbial enzymes have also been successfully 
used to generate ACE-inhibitory peptides (Yamamoto eft al., 1994; Maeno 
et al, 1996). Murakami and Hirata (2000) produced ACE-inhibitory 
peptides from corn protein hydrolysed by thermolysin in an aqueous two- 
phase system. 

After hydrolysis the peptides in the hydrolysates can be fractionated and 
enriched using different methods. For example, following tryptic digestion, 
CPPs are isolated by isoelectric precipitation of residual casein followed 
by scalable methods such as selective precipitation (Adamson and 
Reynolds, 1995) or UF (Reynolds, 1992). However, these methods 
produce products of low purity. Adamson and Reynolds (1995) succeeded 
in producing high-purity CPP by applying selective precipitation of CPPs 
using 100mM CaCl, and 50% (v/v) ethanol. The most selective 
procedures for isolating CPPs involve chromatography, but these methods 
produce a fairly low CPP yield (Berrocal et al., 1989; Juilleart ef al., 
1989). Ellegard et al. (1999) have developed a process-scale isolation 
method of high-purity CPPs using acid precipitation, diafiltration and 
anion-exchange chromatography. 

UF membranes have been successfully used to enrich specific peptide 
fractions (Visser et al., 1989; Turgeon and Gauthier, 1990; Vreeman et al., 
1994; D'Alvise et al., 2000). For example, an UF membrane reactor has 
been applied for the continuous extraction of permeates enriched with 
bioactive fragments in order to generate antithrombotic peptides (Bouhallab 
et al., 1992). Pihlanto-Leppàlà et al. (1996) applied selective UF membranes 
(30 and 1 kDa) for enrichment of opioid peptides, a-lactorphin and B- 
lactorphin, from pepsin-hydrolysed a-la, and pepsin and trypsin hydrolysed 
B-Ig, respectively. Bordenave et al. (1999) demonstrated that a-lactorphin 
was successfully generated with continuous hydrolysis of goat whey in an UF 
reactor. Righetti ef al. (1997) proposed a multicompartment enzyme reactor 
operating under an electric field, for the continuous hydrolysis of milk 
proteins. This set-up allows for continuous harvesting of some biologically 
active peptides, e.g., phosphopeptides and precursors of casomorphins, in a 
pure form using trypsin to digest B-casein. Membranes consisting of 
negatively charged materials have been used to desalt whey hydrolysates 
(Wijers et al., 1998) and to enrich cationic peptides with antibacterial 
properties from cheese whey (Recio and Visser, 1999). Negatively charged 
CPPs can be isolated by anion-exchange membranes (Recio et al., 2000). 
These techniques provide new possibilities for enriching peptides with low 
molecular masses and are easily up-scaled to gram or even kilogram 
quantities. 


242 A. PIHLANTO AND H. KORHONEN 


C. LIBERATION OF BIOACTIVE PEPTIDES DURING FOOD PROCESSING 


Bioactive peptides may also be liberated during the manufacture of milk 
products. Hydrolysed milk proteins used for hypoallergenic infant formulas, 
for clinical application and as food ingredients, for example, consist 
exclusively of peptides (van Beresteijn et al., 1994). Proteases from food 
itself, such as plasmin in milk, can hydrolyse proteins during food processing 
and storage. Bacterial starter cultures contain several proteolytic enzymes 
that are responsible for the breakdown of protein into peptides and amino 
acids. During fermentation, various long oligopeptides are liberated by 
degradation of caseins, which could be precursors of peptides with biological 
activity when cleaved by other enzymes. Intracellular peptidases of lactic acid 
bacteria in fermented milk products will most likely contribute to the further 
degradation after lysis (Thomas and Pritchard, 1987; Poolman et al., 1995). 
The specificities of known peptidases suggest that all peptide bonds in caseins 
can be partially cleaved. The formation of casomorphins in fermented milk 
products is unlikely, since the used lactic acid bacteria all contain a X-prolyl- 
dipeptidyl-aminopeptidease (Law and Haandrikman, 1997). Table VI enlists 
experimental studies where the release of bioactive peptides has been 
observed upon fermentation of milk, whey or casein fractions using different 
live proteolytic microorganisms or proteolytic enzymes derived from such 
microorganisms. 

Various studies have been reported on casomorphins, ACE-inhibitory 
peptides and phosphopeptides found in fermented milk products (Table VII). 
Cheese contains phosphopeptides as natural constituents (Roudot-Algaron 
et al., 1994; Singh et al., 1997), and secondary proteolysis during cheese 
ripening leads to the formation of other bioactive peptides, such as those with 
ACE-inhibitory activity (Meisel et al., 1997; Smacchi and Gobbetti, 1998; 
Ryhänen et al., 2001). Muehlenkamp and Warthesen (1996) either found no 
B-casomorphins at all in commercial cheese products or their concentration in 
the cheese extract was below 2 ug/ml. They further noted that the enzymatic 
degradation of B-casomorphins was influenced by a combination of pH and 
salt concentration at the cheese ripening temperature. Therefore, if formed in 
cheese, B-casomorphins may be degraded under conditions similar to 
Cheddar cheese ripening. Precursors of B-casomorphins, on the other hand, 
have been identified in Parmesan cheese (Addeo et al., 1992). Matar and 
Goulet (1996) detected B-casomorphin-4 in milk fermented with L. helveticus 
L89 deficient in X-prolyl-dipeptidyl-aminopeptidase. Pihlanto-Leppala et al. 
(1998) demonstrated that commercial lactic acid starters were not able to 
produce ACE-inhibitory peptides from whey or casein proteins, but further 
proteolysis with digestive enzymes produced ACE-inhibitory activity. In an 


TABLE VI 


RELEASE OF BIOACTIVE PEPTIDES FROM MILK PROTEINS BY VARIOUS MICROORGANISMS AND MICROBIAL ENZYMES 


Substrate Microorganisms used Precursor protein Peptide sequence — Bioactivity References 
Milk Lactobacillus helveticus, p-cn, k-en VPP, IPP ACE-inhibitory, Nakamura et al. 
Saccharomyces cerevisiae antihypertensive (1995a); Takano 
(1998) 
Lactobacillus helveticus X X Immunostimulatory Matar et al. (1996) 
Lactobacillus GG enzymes p-cn, o,-cn YPFP AVPYPQR Opioid, ACE-inhibitory, Rokka et al. (1997) 
+ pepsin and trypsin TTMPLW immunostimulatory 
Lactobacillus helveticus CPN 4 Whey proteins YP ACE-inhibitory Yamamoto et al. 
(1999) 
Lactobacillus delbrueckii subsp. .B-cn, k-cn Many fragments — ACE-inhibitory Gobbetti et al. 
bulgaricus SS1, Lactococcus (2000) 
lactis subsp. cremoris FT4 
Whey Kluyveromyces marxianus B-lg YLLF ACE-inhibitory Belem et al. 
var. marxianus (1999) 
Tritirachium album derived B-lg IPA Antihypertensive Abubakar et al. 
proteinase K (1998) 
Casein Lactobacillus helveticus CP90 — 8-cn KVLPVP (E) ACE-inhibitory Maeno et al. 
proteinase (1996) 
Casein fractions Lactobacillus GG 04-cn, B-cn, X Immunomodulatory Siitas et al. 
K-cn (1996a,b) 


x, precursor protein or active peptides not identified. 
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TABLE VII 


BIOACTIVE PEPTIDES IDENTIFIED IN FERMENTED FOODS 


Examples of identified bioactive peptides 


Bioactivity 


References 


Italian cheeses varieties: Mozzarella, 
Crescenza, Italico, Gorgonzola 

Finnish cheeses varieties: Edam, 
Emmental, Turunmaa, Cheddar 


Festivo 

Australian cheese varieties: Cheddar, 
Edam, Swiss, Feta, Camembert, 
Blue vein 

Gouda cheese 

Parmigiano-Reggiano cheese 

Cheddar cheese 

Enzyme modified cheese 

Sour milk 


Sour milk 


Yoghurt 
Soy sauce 


X, active peptides not identified. 


B-cn f(58-72) 


X 


ası-en f(1-9), f(1-7), f(1-6) 
X 


ası-cn f(1-9), B-cn f(60-68) 
B-cn f(8-16), f(58-77), o,5-cn f(83-33) 


ası- and B-casein fragments 

B-cn f(60-66) 

B-cn f(176-188) 

B-cn f(74-76, f(84-86), k-en f(108-111) 


X 
X 


ACE-inhibitory 


ACE-inhibitory 


ACE-inhibitory 
Immunomodulatory, 
ACE- inhibitory, 
antiamnesic, opioid 
agonist 
ACE-inhibitory 
Phosphopeptides, 
precursor of 
B-casomorphin 
Several phosphopeptides 
Opioid activity, 
ACE-inhibitory 
Precursor of ACE- 
inhibitory 
Antihypertensive 


Weak ACE-inhibitory 
ACE-inhibitory 


Smacchi and 
Gobbetti (1998) 
Korhonen and 
Pihlanto-Leppala 
(2001) 
Ryhänen et al. (2001) 
Dionysius et al. (2000) 


Saito et al. (2000) 
Addeo et al. (1992) 


Singh et al. (1997) 

Haileselassie et al. 
(1999) 

Kahala et al. (1993) 


Nakamura et al. 
(1995a,b) 

Meisel et al. (1997) 

Okamoto et al. (1995) 


ve 
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earlier study (Kahala et al., 1993), an ACE-inhibitory peptide (f176-188) was 
identified from a Finnish commercial fermented milk product. 


D. BIOACTIVE PEPTIDES AS INGREDIENTS 


In addition to fermented milk products, different hydrolysates containing 
bioactive peptides as active substances have been developed. Scientific data 
showing the biological activities of various peptides is growing fast and there 
has been a growing interest in using milk protein-derived bioactive peptides 
for application within the food industry. Large-scale production of the 
peptides will depend on the development of feasible technologies suitable for 
isolation and purification of the desired compounds from the mixture of 
various peptides likely to be produced in the hydrolysis step, as well as on 
overcoming the problem of low recovery from the raw material feedstock. 
Casein-derived peptides, which can be manufactured on industrial scale, have 
already been considered for interesting applications. According to present 
knowledge CPPs, ACE-inhibitory and immunomodulatory peptides are the 
preferred bioactive peptides for application in foodstuffs to provide health 
benefits to customers. Some examples of ingredients containing bioactive 
peptides and their possible applications are described below. Those products 
include CPPs, antihypertensive and anxiolytic peptides. Table VIII provides 
examples of commercial dairy products and ingredients which contain 
various bioactive peptides. 

The divalent mineral-binding effect of CPPs can be put in use in 
applications where one wants to increase the availability for absorption of 
these minerals in the gut. Drinks with calcium and iron are examples for 
commercial uses of CPPs; examples can be found especially in the Japanese 
market. Products for children that incorporate calcium or milk minerals and 
CPPs in sweets or cookies are found in the South Asian market. As mineral 
accretion is high during early childhood, incorporation of CPPs provides good 
solubility and availability for absorption of calcium or zinc and thus is worth 
considering for infant nutrition. Other possible uses are in calcium-enriched 
dairy products and natural calcium supplements. In addition, dental 
applications are obvious, since complexes of calcium, CPPs and phosphate 
may reduce caries in a dose-dependent fashion. 

In recent years, a few fermented dairy products with naturally occurring 
antihypertensive peptides have been launched in both the Japanese and 
Finnish market. The Japanese sour milk product "Calpis"" is made by 
inoculating skim milk with a starter containing L. helveticus and S. cerevisiae. 
The fermented drink is rich in the peptides Val-Pro-Pro and Ile-Pro-Pro, 
which have proven to lower blood pressure both in animal model studies and 
in clinical trials with hypertensive humans (Takano 2002). 


Brand name 


COMMERCIAL DAIRY PRODUCTS/INGREDIENTS WITH HEALTH CLAIMS BASED ON BIOACTIVE PEPTIDES 


Type of product 


TABLE VIII 


Claimed functional 
bioactive peptides 


Health claims 


Manufacturer 


References 


Calpis 
Evolus 


Bio Zate 


Prodiet F200 


Festivo 


Sour milk 


Calcium-enriched 


fermented milk drink 


Hydrolysed whey 
protein isolate 


Flavoured milk drink 


Confectionery 

Capsules 
Fermented low-fat 

hard cheese 


p-casein, k-casein, 
Val-Pro-Pro, Ile-Pro-Pro 
p-casein, 
Val-Pro-Pro, Ile-Pro-Pro 
p-lactoglobulin, f (142-148) 


&sı-casein f (91-100), 
Tyr-Leu-Gly-Tyr-Leu- 
Glu-Gln-Leu-Leu-Arg 

01-casein f (1-9), o;-casein 
f (1-7), o,1-casein f (1-6) 


Reduction of 
blood pressure 

Reduction of 
blood pressure 

Reduction of 
blood pressure 


Reduction of 
stress effects 


No health claim 
as yet 


Calpis Co., Japan 
Valio Oy, Finland 


Davisco Foods 
International 
Inc., USA 

Ingredia, France 


MTT Agrifood 
Research Finland 


Hata et al. (1996); 
Takano (2002) 

Seppo et al. 
(2002, 2003) 

Klink (2002) 


Lefranc (2002) 


Ryhänen et al. 
(2001) 


oyc 


NHNOH31O3I 'H ANY OLNVTHId 'V 
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Another beverage containing antihypertensive dodecapeptide was recently 
developed in Japan (Sugai, 1998). The peptide was obtained from tryptic 
hydrolysates of milk casein and the antihypertensive effect was studied in 
animals and humans. Those studies suggested the usefulness of the peptide as 
an ingredient of physiologically functional foods to prevent hypertension. 
Furthermore, the preventive effect of the peptide against cardiovascular 
diseases was shown stroke-prone SHR. The product, “Casein DP", was 
approved by the Ministry of Health and Welfare as a FOSHU. 

The Finnish fermented milk drink *Evolus" is fermented with a L. helveticus 
strain and contains the same tripeptides as “Calpis”. The “Evolus” drink has been 
demonstrated to exert a significant reduction in blood pressure of mildly 
hypertensive human subjects upon daily intake of 150 ml during a 21-week 
intervention period (Seppo et al., 2003). A fermented low-fat hard cheese 
“Festivo” was developed in Finland (Ryhänen et al., 2001) with probiotic lactic 
acid bacteria and was found to produce during maturation, high amounts of 
ACE-inhibitory peptides derived from a, ;-casein. The peptides emerged at the 
age of three months and their level remained rather stable at least for six months. 

A whey protein hydrolysate “BioZate”, containing ACE-inhibitory peptide 
was recently developed by Davisco Foods International Inc. The effect on 
blood pressure was studied with 30 unmedicated, non-smoking, borderline 
hypertensive men and women, and daily dose was 20 g. The results indicated 
that there was a significant drop in both systolic and diastolic blood pressure 
after 1-week treatment, which persisted throughout the study of 6 weeks. 
The application of this product is varied and flexible. In addition to the 
bioactive peptides, it has functional properties such as emulsification and 
foaming (Klink, 2002). 

Ingredia, a French dairy company, has developed “Prodiet F 200", a milk 
protein hydrolysate that contains a bioactive peptide with relaxing properties. 
The patented product has an anti-stress effect proven by several clinical 
studies and does not cause the classical side effects of anxiolytics. Food 
supplements, chocolate and animal feed are examples of its applications 
(Lefranc, 2002). 


V. SAFETY IMPLICATIONS 


The development of health-promoting foods is likely to entail increasing use 
of different protein sources known to contain bioactive components. They 
may be natural constituents of plant or animal origin, or genetically modified 
or transferred from another source. It is likely that, in the future, more 
and more traditional food products will appear on the market, containing 
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added protein fractions derived from different sources; e.g., yoghurt may be 
spiked with bioactive proteins or peptides derived from plants. Such food 
products might cause allergic reactions to plant-protein sensitive persons. 

On the other hand, a few amino acid derivatives that are formed during 
food processing, such as lysinoalanine, D-amino acids and biogenic amines, 
may cause undesirable metabolic or even toxic events in the body (Taylor, 
1986; Haláz et al., 1994; Finot, 1997). Many dietary proteins may naturally 
pose as potential allergens, and protein-derived allergenic properties have, in 
fact, been mentioned as possible side-effects of genetically engineered 
foodstuffs (Taylor and Lehner, 1996; Pastorello, 1997; Wal, 1998; Taylor and 
Hefle, 2001). The development and application of novel processing and 
isolation techniques aimed at minimizing such health risks will play a crucial 
role in this respect. Also, there is a need to develop sensitive analytical 
methods for the detection of potential protein-derived risk factors in novel 
foodstuffs. 


VI. RESEARCH NEEDS 


The occurrence of many natural bioactive proteins or their precursors in 
animal and plant proteins is now well established. There are, however, a great 
number of scientific and technological issues to be solved before these 
substances can be optimally exploited for human nutrition and health. At 
present, there is a great need to develop novel technologies, e.g., 
chromatographic and membrane separation techniques, by means of which 
active peptide fractions can be produced and enriched from different protein 
sources. Further, it is important to study the technological properties of the 
active peptide fractions and to develop model foods, which contain these 
peptides and retain their activity for a guaranteed period. To this end, the 
potential interactions of peptides with carbohydrates and lipids as well as 
the influence of the processing conditions (especially heating) on peptide 
activity and bioavailability should be further investigated. 

Particularly, the possible formation of toxic, allergenic or carcinogenic 
substances, such as acrylamide or biogenic amines, warrants intensive 
research. In this respect, modern methods need to be developed to study the 
safety of foodstuffs containing biologically active peptides. In addition to 
focus on technological aspects, molecular studies are needed to assess the 
mechanisms by which the bioactive proteins and peptides exert their 
activities. This research area is currently considered as the most challenging, 
due to the understanding that most of the known bioactive proteins or peptides 
are not absorbed as such from the GI tract into the blood circulation. Their 
effect is, therefore, likely to be mediated directly in the gut lumen or through 
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receptors on the intestinal cell wall. In this respect, the target functions of 
the components concerned are of utmost importance. It is anticipated that in 
the near future such targets will be related to various lifestyle-related disease 
groups, such as cardiovascular diseases, cancers, osteoporosis, stress and 
obesity. In particular, physiologically active peptides derived from milk or 
other dietary proteins offer a promising approach to prevent, control and even 
treat such disease conditions through a regulated diet. The most important 
future research needs related to bioactive proteins and peptides are 
summarised hereunder: 


e Screening for potential bioactivity among minor proteins of milk, egg, 
vegetables, cereals, and fruits. 

e Development of novel fractionation and purification methods for bioactive 
proteins and their hydrolysates. 

e Study of the effects of conventional and novel processing technologies on 
the bioactivity of the proteins. 

e Study of interactions of bioactive proteins/peptides/amino acids with other 
food components during processing and effects of these interactions on 
bioactivity. 

e Study of the technological functionality of bioactive proteins, e.g., LF, 
immunoglobulins, egg proteins and bioactive peptides. 

e Basic research on the transgenic production of bioactive proteins and the 
potential side-effects, e.g., allergenicity and toxicity of such proteins. 

e Evaluation of the efficacy of bioactive proteins in animal model and human 
clinical studies per se and in food systems. 
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Il. INTRODUCTION 


Cholesterol levels have become the source of health concerns, even though 
cholesterol is one of the most valuable substances in the human body. Over 
the past few years, the amount of cholesterol information and dietary advice 
bombarding the public has grown exponentially. Atherosclerosis is a 
complex multi-cellular process involving oxidation of cholesterol and the 
intracellular accumulation of oxidized cholesterol. This accumulation causes 
a cascade of inflammatory processes, resulting in an unstable atherosclerotic 
plaque that ultimately bursts, causing myocardial infraction. Botanical 
dietary supplements (herbs) can ameliorate this process and help to prevent 
cardiovascular disease at different steps in the process (Herber, 2001). 
Epidemiological and experimental evidence indicates that elevated plasma 
cholesterol carries a high risk of atherosclerotic diseases (AD). Risk begins 
to increase with cholesterol levels above 4 mmol/l, and then increases up to 
6—6.5 mmol/l; persons with cholesterol levels persistently above 
6-6.5 mmol/l require energetic management to bring down their lipid 
levels to the optimal range. The advantages of bringing down lipids to 
satisfactory levels have been confirmed by several experimental, animal and 
interventional studies indicating lowered morbidity and mortality in AD 
commensurate with reduction of serum cholesterol and/or improvement 
in high density lipoprotein (HDL)-cholesterol (Ginsberg, 1990; Havel and 
Kane, 1995; Tripathi, 1995; Mary et al., 2000). An excessive concentra- 
tion of lipids in plasma may alter the lipoprotein metabolism and lead to 
hypercholesterolemia, hypertriglyceridemia or both (Ginsberg, 1990; 
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Havel and Kane, 1995). Circulating plasma lipoproteins, known as HDL, 
low density lipoprotein (LDL) and very low density lipoprotein (VLDL) or 
chylomicrons, can be elevated by environmental causes, such as diet, or by 
inherited genetic defects in the synthesis or degradation of these compounds. 
Dyslipidemia or hypercholesterolemia is characterized by a combination of 
abnormalities in the plasma levels of triglycerides and HDL. Cholesterol, 
with or without elevated LDL cholesterol levels, affects many persons 
with premature coronary artery diseases (CAD). However, both qualitative 
and quantitative abnormalities in circulating triglyceride-rich lipoproteins 
(TRLPs) may particularly be a key factor in the development of CAD (Miek, 
1999; Henry and Ginsberg, 2002). The lipoproteins play an essential role in 
the transport of endogenous lipids from the liver to the non-hepatic tissues 
through an endogenous pathway, while peripheral and hepatic chylomicrons 
transport dietary lipids from the intestine to the peripheral and hepatic tissues 
through an exogenous pathway (Figure 1). 


A. CURRENTLY AVAILABLE THERAPY FOR HYPERLIPIDEMIA 


Hypercholesterolemia and hyperlipidemia can be associated with a variety of 
clinical conditions as well as poor dietary practices. The proper management 
of hypercholesterolemia and hyperlipidemia is considered appropriate to 
prevent consequences that might develop including CAD and other 
conditions associated with extremely high levels of circulating triglycerides 
(Anonymous, 2000). For the management of hypercholesterolemia and 
hyperlipidemia, several drug therapies are available which are explained later 
(Rang et al., 1999): 


1. Bile acid sequestrates are anion-exchange resins, which sequester bile acid 
in the intestine. Cholestyramine and colestipol are the most commonly 
used in this category, which by this mechanism prevents bile acid 
re-absorption and causes decreased absorption of exogenous cholesterol 
and increased metabolism of endogenous cholesterol into bile acid in the 
liver by preventing enterohepatic recirculation. This leads to an increased 
expression of LDL receptors in liver and causes increased removal of LDL 
from blood and reduces the LDL cholesterol in the plasma. 

2. Nicotinic acid inhibits hepatic triglyceride production and VLDL 
secretion, which lowers the plasma level of LDL and increases HDL. 
Nicotinic acid is mostly used to treat elevated LDL and VLDL by 
decreasing VLDL synthesis. 

3. HMG (Q-hydroxy-B-methylglutaryl)-CoA reductase is a rate-limiting 
enzyme, which catalyzes the conversion of HMG-CoA to mevalonic acid. 


280 P.K. MUKHERJEE 


Endogenous pathway | Exogenous pathway Cholpstyratiins; 
colestipol bin: 
| (resins) 


MM A 


[LIVER 


| Statins decrease 
i synthesis of C 


| Fatty acids | 


+ 
Giycerol 


H 
i 
Free fatty Free fatty i 
tumover of C acids acids PERIPHERAL TISSUES | 


FIG. 1 Schematic diagram of cholesterol transport in the tissues, with sites of action of 
the main drug affecting lipoprotein metabolism (C = cholesterol; CE = cholesteryl ester; 
TG = triglycerides; MVA = mevalonate; HMG-CoA reductase = 3-hydroxy-3-methyl- 
glutaryl-CoA reductase; VLDL = very low density lipoproteins; LDL = low density 
lipoproteins; HDL = high density lipoproteins). (Reprinted from Rang ef al. (1999), with 
permission from Elsevier Science.) 


The HMG-CoA reductase inhibitors (Statins like simvastatin, lovastatin, 
pravastatin, fluvastatin, etc.) inhibit the enzyme and thereby decrease the 
hepatic cholesterol synthesis and increase the synthesis of LDL receptors 
causing increased clearance of LDL and a reduced concentration of LDL 
cholesterol in plasma. HMG-CoA reductase inhibitors are used to treat 
elevated LDL which also causes a small reduction in plasma triglycerides 
and an increase in HDL cholesterol. 

4. Fibrates like gemfibrozil, clofibrate, ciprofibrate, etc. are fibric acid 
derivatives which stimulate lipoprotein lipase, an enzyme that breaks 
down lipids in lipoproteins and causes an increase in the hydrolysis of 
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triglycerides in chylomicrons and VLDL particles, thus liberating free 
fatty acids for storage in fat or metabolism in striated muscles. They also 
reduce hepatic VLDL and increase hepatic LDL uptake. Thus, they 
decrease VLDL synthesis and are used to treat elevated triglycerides and 
elevated lipoproteins by stimulating lipoprotein lipase. 

5. Probucol lowers the concentration of both LDL and HDL in the plasma. It 
inhibits the oxidation of cholesterol thereby lowering the development of 
atherosclerosis. 


Besides drugs, dietary factors play a key role in the development of 
cardiovascular disease. Epidemiological studies have shown that diets rich 
in fruits, herbs and spices are associated with a low risk of cardiovascular 
disease. Several dietary and nutritional herbs can be used to facilitate the 
metabolism of cholesterol. Potential therapeutic foods include garlic, 
artichoke, wheat germ, alfalfa sprouts, buckwheat, watercress, rice 
polishings, apple, celery, and cherries. Fresh juices such as carrot and 
pineapple with honey, liquid chlorophyll, parsley, alfalfa and spinach, beet 
and celery are also beneficial. Several reports on the use of dietary fibers 
and other food products have proved the efficacy of natural products of 
plant origin for the treatment of hypercholesterolemia (Agarwal and 
Chauhan, 1988; Glore et al., 1994; Anderson, 1995; Navab ef al., 1996). 
Details on the various aspects of the cholesterol-lowering efficacy of the 
phytoconstituents as well as the individual plant products are explained in 
the subsequent sections. 


Il. PHYTOCONSTITUENTS WITH HYPOCHOLESTEROLEMIC 
POTENTIALS 


Compounds with different structures but with the same therapeutic activity 
isolated from different plant species act as active moieties for the treatment of 
particular diseases. Some of these compounds have been abandoned due 
to toxicity but these compounds apparently do not cause serious adverse 
effects. Some of these active principles originate from edible plants and their 
inclusion in the diet would undoubtedly be of some value because of their 
hypocholesterolemic potential. Several phytoconstituents including inulin, 
pectin, gugglu lipids, flavonoids, ginkoloids, saponins, tannins, and others 
obtained from various plant sources have proven hypolipidemic potentials 
as has been further explained in Tables I and II. The chemical structures of 
a few potential phytoconstituents with hypolipidemic activity are shown in 
Figure 2. It is hoped that as new additions are made to the list of these active 
compounds causing only minimum untoward side effects, these naturally 


TABLE I 
SOME HYPOCHOLESTEROLEMIC, ANTI-ATHEROSCLEROTIC AND ANTI-THROMBOTIC NATURAL PRODUCTS 

Constituents Source Activity References 
p-Carotene Carrots, etc. Hypocholesterolemic Fuhrman et al. (1997) 
Lycopene Tomatoes, etc. Hypocholesterolemic Fuhrman et al. (1997) 
Indole-3-carbinol Brassica species Hypocholesterolemic Peluso and Schneeman (1994) 
p-Sitosterol and sitostanol Many plants Hypocholesterolemic Gylling and Miettinen (1996) 
Saponin Fenugreek, Bupleurum Hypocholesterolemic Miettinen et al. (1995) 

chinense, Gyrostemma 

pentaphyllum, etc. 
Soybean protein Soybean Hypocholesterolemic Mokady (1992) 
Dietary fiber Beans, Hordeum vulgare, Hypocholesterolemic Story et al. (1984) 

Juglans nigra, etc. 
Mevinolin Aspergillus terreus Hypocholesterolemic Booyens et al. (1984) 
Polysaccharide Fungi Hypocholesterolemic Kiho et al. (1996) 


Sulfur compounds 
Flavonoids 


HMG-CoA reductase inhibitors 


Tocotrienols 
Heparin 


Onion and garlic 


Many plants 

Monasceus purpuries; 
also from fungi and 
synthetic source 

Palm oil 

Hipendula ulmaria 


Anti-atherosclerotic 
and anti-thrombotic 

Anti-thrombotic 

Anti-atherosclerotic 
and anti-thrombotic 


Anti-thrombotic 
Anti-thrombotic 


Reprinted from Wang and Ng (1999), copyright (1999) with permission from Elsevier Science. 


Wang and Ng (1999) 
Wang and Ng (1999) 
Wang and Ng (1999) 


Wang and Ng (1999) 
Wang and Ng (1999) 
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PHYTOCONSTITUENTS WITH HYPOLIPIDEMIC ACTIVITY 


TABLE II 


Name of the phytoconstituents Family Name of the plant References 
Inulin Compositeae Chicorium intybus L. Roberfrodid (1999) 
Asteraceae Arctium lappa L. Iwakami et al. (1992) 
Pectin, citrus flavonoids Rutaceae Citrus lemon L. Carper (1988); Potter (1995); 
Bruneton (1995) 
Moraceae Oputia tuna mill Oputi ficus-indica Der Marderosian and Beutler (2002) 
Gugglu lipids Burseracaea Commiphora mukul Der Marderosian and Beutler (2002) 
Gums Fabaceae Cyamopsis tetragonolobus (L). Taub Robbers et al. (1996); Todd et al. (1990); 
Der Marderosian and Beutler (2002) 
Sterculiaceae Sterculia urens Roxb. Der Marderosian and Beutler (2002) 
Flavonoids, polyphenolic Rosaceae Crataegus oxyacantha L., C. laevigata He (1990); Chen et al. (1995); 
compounds, isoflavones (Poir.) DC, C. monogyna Jacquin Rajendran et al. (1996) 
Euphorbiaceae — Emblica officinalis Gaertin Thakur and Mandal (1984); Thakur 
(1985); Mathur et al. (1996); Jacob 
et al. (1988) 
Ginkgoaceae Ginkgo biloba L. DeSmet et al. (1997) 
Leguminosae Glycine max Barnes (1998); Der Marderosian and 
Beutler (2002) 
Asteraceae Arctium lappa L. Sun (1992) 
Gramineae Avena sativa L. Anderson et al. (1984); Der Marderosian 
and Beutler (2002) 
Combretaceae Terminalia arjuna, T. bellirica, Chevallier (1996); Thakur et al. (1988) 
T. chebula 
Vitaceae Vitis vinifera V. labrusca V. rotundifera Der Marderosian and Beutler (2002) 
Zingiberaceae Zingiber officinale Roscoe Kiuchi et al. (1992) 
Guar gum Compositae Silybum marianum L. Der Marderosian and Beutler (2002) 


(continued on next page) 
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PHYTOCONSTITUENTS WITH HYPOLIPIDEMIC ACTIVITY 


TABLE II (continued) 
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Name of the phytoconstituents Family Name of the plant References 
Rutaceae Citrus lemon L. Carper, 1988; Potter (1995); Bruneton 
(1995) 
Alkaloid—Rhynchophylline Rubiaceae Uncaria tomentosa DC Jones (1994); Hemingway and 
Phillipson (1974)) 
Fibers Polyporaceae Grifola frondosa Kabir et al. (1987); Kubo and Nanba 
(1996); Kubo and Nanba (1997) 
Juglandaceae Juglans nigra Zambon et al. (2000); Potter (1995) 
Germineae Hordeum vulgare L. Lupton et al. (1994) 
Saponins Umbelliferae Bupleurum chinense DC Bone (1996); Der Marderosian and 
Beutler (2002) 
Cucurbitaceae — Gynostemma pentaphyllum (Thunb.) Der Marderosian and Beutler (2002) 
Makino 
Leguminosea Medicago sativa L. Malinow et al. (1977,1978,1981); 
Cohen et al. (1990) 
Liliaceae Ruscus aculeatus L. Capelli and Nicora (1988) 
Araliaceae Panax quinquefolius L. Panax ginseng Chen (1996) 
C.A. mayer 
Sterols Combretaceae Terminalia arjuna, T. bellirica, Chevallier (1996); Thakur et al. (1988) 
T. chebula 
Leguminosea Medicago sativa L. Cohen et al. (1990) 
Fixed oil and volatile oil Euphorbiaceae Emblica officinalis Mathur et al. (1996); Jacob et al. (1988) 
Essential fatty acids Lamiaceae Perilla frutescens (L) Britt. Der Marderosian and Beutler (2002) 
Portulacaceae Portulaca oleracea L Reid (1986) 
Linaceae Linum usitatissimum L. Robinson (1991) 
Onagraceae Oenothera biennis L. Horrobin and Manku (1983); Puolakka 
and Makarainen (1985) 
Oleaceae Olea europaea Carper (1988); Aviram (1996) 


PHYTOCONSTITUENTS WITH HYPOLIPIDEMIC ACTIVITY 


TABLE II (continued) 


Name of the phytoconstituents Family Name of the plant References 

Lycophene Solanaceae Ripe fruit of tomatoes Der Marderosian and Beutler (2002) 

Sulfur-containing principles Liliacea Allium cepa Augusti and Mathew (1974); Lata et al. 
(1991); Der Marderosian and Beutler 
(2002) 

Konjac mannan (Glucomannan) Araceae Amorphophallus konjac Koch Der Marderosian and Beutler (2002) 

Mono and oligosaccharides Gramineae Avena sativa L. Anderson et al. (1984); Der Marderosian 
and Beutler (2002) 

Triterpenes Umbelliferae Bupleurum chinense DC Bone (1996); Der Marderosian and 
Beutler (2002) 

Psyllium mucilloid (Metamucil) Plantaginaceae Plantago lanceolata L. Greaves et al. (2000) 

Stevia’s glycosides (Rebaudio- Asteraceae Stevia rebaudiana Bertoni Der Marderosian and Beutler (2002) 


side A) Steviobioside 


STVOINVLOd OIINHGIJTIOd AH 


S87 


286 P.K. MUKHERJEE 


O- R- D - Glucose 
OH 


Furostanol saponins 


Sugar— Oo 
CH, o 
CH; 
o Guggulsterone 
OH 
è Q 
Toa 
o— OH 
ÓH | 
OH 


Epicatechin-3-Gallate 


OH 


OH 
Resveratrol 
OH 
i iS 
bs des 
OH 
OH 
Epicatechin 
OH 
OH 
KE 
OH 


Epigallocatechin-3-Gallate 


FIG. 2. Some hypocholesterolemic phytoconstituents. 


Stigmasterol 


occurring components will definitely help in the development of therapeuti- 
cally potent hypocholesterolemic drugs in the future and will also expedite 
the discovery of such drugs. Alternatively, several of these plants may be 
useful as nutraceutical ingredients. Several groups of plant constituents 
possessing significant therapeutic potentials as hypocholesterolemic agents 


are delineated in the following section. 
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A. FIBERS 


Hordeum vulgare, Juglans vigra, Amorphophallus konjac, and Grifolia 
frondosa are rich in dietary fibers. Dietary fiber, especially soluble, viscous 
fibers effectively decrease serum cholesterol and LDL cholesterol concen- 
trations (Anderson, 1995). Most soluble or viscous fibers have hypocholes- 
terolemic effects (Glore et al., 1994; Anderson, 1995). In general, these 
soluble fibers, such as psyllium, oat bran, guar and pectin, decrease serum 
cholesterol and LDL cholesterol concentrations without affecting serum 
triglycerides. LDL has a central role in the pathogenesis of atherosclerosis 
(Navab et al., 1996). Oxidation of LDL in the sub-endothelial space of 
arteries sets the stage for macrophage uptake of LDL, foam cell development, 
and ultimately, fatty streak and atheroma formation (Navab et al., 1996). 
Decreasing the LDL cholesterol concentrations is one of the most effective 
means of decreasing the risk for coronary heart disease (CHD). Often, 
consumption of these soluble fibers is accompanied by distinct reductions in 
serum HDL cholesterol concentrations (Glore et al., 1994; Anderson, 1995). 
The cholesterol-lowering effects of soluble or viscous fibers relate to their 
gel-forming properties (Navab et al., 1996). Soluble fibers such as psyllium 
and oat bran appear to exert their principal effects on cholesterol metabolism 
through decreases in bile acid absorption. These soluble fibers bind bile acids 
in the small intestine, alter micelle formation and decrease their absorption in 
the small intestine. Consequently, more bile acids are excreted with the feces. 
Acting somewhat like bile acid binding resins, these soluble fibers deplete the 
bile salt pool and divert cholesterol synthesis from lipoprotein precursors to 
bile acid synthesis (Glore et al., 1994; Navab et al., 1996). Fiber comes in 
many forms, including oats (Avena sativa), guar gum, and pectin. Recently, 
the U.S. Food & Drug Administration (FDA) made history by ruling in the 
first federally sanctioned health claim for manufactured foods that oat-rich 
cereals and other foods are permitted to advertise their products as 
"cholesterol lowering." Beta glucan, a viscous gel in the soluble fiber of 
oats, surrounds cholesterol-rich bile acids and limits their re-absorption by 
blood, shuttling them off into fecal excretion. Less bile is consequently 
returned to the liver which causes the liver to secrete more bile acids, the 
production of which uses up more cholesterol from the blood. 

Guar gum, similar to pectin, is well documented regarding its ability to 
lower cholesterol levels. However, its principal drawback is its extreme 
viscosity, making foods containing guar gum very unpalatable. Non-viscous 
forms have been created via partial enzymatic hydrolysis of the gum's 
polysaccharide component, but there is some controversy regarding whether 
these processing techniques actually inhibit the guar gum's lipid-lowering 
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effects by reducing its digestibility rather than inhibiting bile acid 
re-absorption. 

Chitosan is a form of fiber that absorbs dietary fat in the gut and can also 
inhibit LDL cholesterol while boosting desirable HDL cholesterol levels. The 
mechanism behind its action may be explained by chitosan's ability to bind 
both bile acids and phospholipids, reducing their absorption from the 
intestines and increasing fecal excretion of cholesterol. Chitosan has been 
shown to significantly lower plasma cholesterol and reduce the development 
of atherosclerotic plaques. Other fiber sources from food including kherjri 
beans (Prosopsis cinceria), prepalbanti (Ficus religiosa), barbum (Ficus 
glomerata) and teent (Capparis decidua) comprise cellulose, lignin, 
hemicelluloses, teent and pectin. These fiber sources affected the total lipid, 
cholesterol, triglycerides and phospholipids of the liver. Teent exerted the 
most conspicuous hypocholesterolemic effect probably by increasing the 
fecal excretion of cholesterol and bile salts (Agarwal and Chauhan, 1988). 


B. PLANT STEROLS 


The plant kingdom contains a number of sterols that differ from cholesterol by 
having ethyl or methyl groups or unsaturation in the side-chain. The 
predominant ones are sitosterol, stigmasterol, and campesterol. The most 
prominent is B-sitosterol, which differs from cholesterol in that it has an ethyl 
group at C-24 of the side-chain. Phytosterols belonging to the family of 
4-desmesmethylsterols include B-sitosterol, campesterol and stigmasterol 
that are found mostly in plant oils such as soybean, canola, and sunflower. 
Phytosterols are natural components of plants and they play an important 
role in the cell membrane, analogous to that of cholesterol in animals. The 
4-desmesmethysterols noted are the major phytosterols and comprise roughly 
50% of the sterols in the western diet, with the remainder being cholesterol 
(Subbiah, 1971). B-Sitosterol is a natural extract from soybeans; sitostanol is 
a hydrogenated phytosterol found in extract from pine wood pulp. 

The esterification of either of the sterols enhances its solubility in a 
hydrophilic environment. This modification makes the phytosterol a more 
active ingredient when used to fortify edible products that lower serum 
cholesterol. The cholesterol-lowering action of B-sitosterol was first reported 
more than 40 years ago (Farquhar et al., 1956). The differences between 
the plant sterols and the cholesterol include the addition of an ethyl group to 
the aliphatic side-chain of both sterols. Saturation of the double bond in the 
second ring of (3-sitosterol yields sitostanol. The presence of the ethyl group 
on the side-chain increases the hydrophobicity of both phytosterols such 
that it is greater than the hydrophobicity of the base molecule, cholesterol. 
This increase in hydrophobicity is expected to decrease the absorption of 
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these phytosterols into the body (Heinemann ef al., 1991, 1993). The low 
solubility of both native B-sitosterol and sitostanol in aqueous solutions leads 
to the use of the fatty acid esterified forms of these compounds, thus enabling 
their incorporation into food products. The esterification of the phytosterols is 
an important advance because it allowed more consistent and enhanced 
delivery of the sterols to the small intestine, the major site of cholesterol 
absorption (Mattson et al., 1982). Delivery to the site of cholesterol 
absorption also enhanced its activity to inhibit absorption of the sterol. 

It was found that the addition of sitosterol to the diet of cholesterol-fed 
chickens or rabbits lowered cholesterol levels in both species and inhibited 
atherogenesis in the latter (Ling and Jones, 1995). Sitosterol or mixtures of 
soy sterols were studied extensively as cholesterol-lowering agents 
(Compassi ef al., 1997). The mode of action appears to involve inhibition 
of cholesterol absorption, although the plant sterols themselves are absorbed 
very poorly (Tilvis and Miettinen, 1986). The mechanism of inhibition 
of cholesterol absorption is believed to be through crystallization and 
co-precipitation. Ingestion of 1 g of sitosterol reduced the absorption of 
cholesterol by 4296 in a meal containing 500 mg of cholesterol (Mattson 
et al., 1982). The decrease in plasma cholesterol is probably due to an 
increase in LDL receptor activity. However, the decline in plasma 
cholesterol is relatively lesser than the decrease in absorption, presumably 
because of a compensatory increase in cholesterol synthesis. Sitostanol, a 
saturated sitosterol derivative, reduced the intestinal absorption of choles- 
terol and serum cholesterol more effectively than sitosterol at doses below 
those of sitosterol (Heinemann et al., 1986). In a recent study, sitostanol was 
interesterified with margarine, and the resultant product (1.9—2.6 g sitosterol 
per day) exhibited a hypocholesterolemic effect in a population with mild 
hypercholesterolemia (Miettinen ef al., 1995). The sitostanol was not 
absorbed and did not appear to interfere with the absorption of fat-soluble 
vitamins. 

The use of plant sterols—(-sitosterol and sitostanol in consumer products 
to decrease cholesterol is supported by numerous clinical studies that 
document their efficacy in lowering mild hyperlipidemia (Jones et al., 1998; 
Hallikainen and Uusitupa, 1999). Although the normal diet contains plant 
sterols that range from 160 to 360 mg/day, a 5- to 10-fold increase is required 
to exert a cholesterol-lowering effect. Consumer products with increased 
amounts of phytosterols that exceed the content found in the diet have been 
made available to the consumer. In evaluating the efficacy of including 
sitostanol ester in margarine as a dietary supplement for children with 
familial hypercholesterolemia (FH), it was found that serum total cholesterol 
(TC), intermediate density lipoprotein-cholesterol and LDL-cholesterol 
levels fell while the HDL-cholesterol/LDL-cholesterol ratio was elevated. 
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The proportions of delta 8-cholesterol and desmosterol in the serum rose 
while those of cholestanol, campesterol and sitosterol dropped, implying a 
decreased absorption of cholesterol and a compensatory increase in its 
synthesis. High basal precursor sterol proportions were predictive of a large 
decrement in titer of LDL cholesterol. It appeared that partial substitution of 
normal dietary lipid consumption with sitostanol was a safe and effective 
therapeutic measure for children with FH (Lees et al., 1977; Wang and Ng, 
1999). The effect of a small amount of sitosterol, sitostanol and sitostanol 
esters dissolved in rapeseed oil on serum lipids and cholesterol metabolism 
in patients with primary hypercholesterolemia and various apolipoprotein E 
phenotypes on a rapeseed oil diet showed a diminution in TC and LDL- 
cholesterol levels in the serum (Gylling and Miettinen, 1994). 

Squalene, a sterol precursor also found in plant products, was originally 
suggested to have a cholesterol-lowering effect, but earlier studies in animals 
showed that it had no positive influence on atherosclerosis (Ling and Jones, 
1995). Sitosterols and squalene are present in both monounsaturated and 
polyunsaturated vegetable oils and thus may be responsible for some of the 
variable cholesterol-lowering effects observed in studies using these products. 
Other cholesterol-lowering alcohols in rice bran oils include esters of 
triterpene alcohols that inhibit hepatic cholesterol esterase and tocotrienols 
that inhibit HMG Co-A reductase (Rukmini and Raghuram, 1991); however, 
there is conflicting evidence as to whether rice bran oil decreases plasma 
cholesterol levels in humans (Lichtenstein et al., 1994). 

Gugulipid, the oleoresin form of Commiphora mukul, is a mixture of 
diterpenes, sterols, steroids, esters and higher alcohols. The active ingredients 
responsible for the well known hypolipidemic effects of the plant are the 
guggulsterones, specifically guggulsterone E and guggulsterone 
Z. Fenusterols, commonly known as furostanol saponins from fenugreek 
seeds, are found to possess hypolipidemic activity. The principal furostanol 
saponin in fenugreek is diosgenin. Diosgenin has been proven to have vari- 
ous effects on cholesterol metabolism, specifically in lowering LDL 
plasma cholesterol levels. Other furostanols in fenugreek include gitogenin, 
tigogenin, smilagenin, sarsasaponin, etc. In light of the effect which 
furostanol saponins exert on appetite stimulation and hormone release, 
fenugreek seeds are traditionally used in appetite stimulation where the 
resulting increase in food intake ultimately triggers anabolism. Animal 
model studies have revealed that the furostanol saponin fraction is responsible 
for the anabolic effects of fenugreek seeds. In addition, the furostanol classes 
of plant steroids have pronounced immunostimulating and luteinizing 
hormone (LH) releasing properties. LH in turn signals the pituitary gland 
to produce more testosterone and high-testosterone levels have been 
correlated with improved athletic performance. The mechanism of hormone 
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releasing action of furostanols is linked to the conversion of cholesterol into 
active hormones, resulting in the simultaneous reduction of plasma 
cholesterol levels. 


C. B-CAROTENE AND LYCOPENE 


Dietary carotenoids are a family of about 600 fat-soluble plant pigments 
that serve as natural colors. The carotenoids, which have been studied most 
in this regard, are B-carotene, lycopene, lutein and zeaxanthanin; the 
former two belong to the carotene class, whereas the latter two belong to 
the xanthophylls. Xanthophylls are more polar than the carotenes as 
they contain one hydroxyl group (Johnson, 2002). B-Carotene is the most 
widely studied carotenoid and is one of the major carotenoids in our diet. 
It has been reported that dietary supplementation with lycopene or 
carotenoids like B-carotene cause a decline in plasma LDL cholesterol 
levels (Fuhrman et al., 1997). Cholesterol synthesis from [3H]-acetate but 
not that from [14C] mevalonate in the macrophage cell line J-774A.1 has 
been reported to be suppressed by B-carotene or lycopene (10 uM) and 
the HMG-CoA reductase inhibitor, fluvastatin (10 ug/ml). The activity of 
the macrophage LDL receptor is enhanced by these three compounds. 
Thus, the hypocholesterolemic effect of B-carotene and lycopene is 
probably associated with the inhibition of HMG CoA reductase activity 
(Peluso and Schneeman, 1994). 


D. FLAVONOIDS 


Flavonoids might represent another beneficial group of naturally occurring 
hypolipidemic compounds. Flavonoids are widely distributed in the 
vegetable plant kingdom and exhibit distinctive pharmacological properties. 
Chemically flavonoids are the derivatives of 2-phenyl-1-benzopyran-4-one 
with varied chemical structures that are present in fruits, vegetables, nuts, 
and seeds (Kuhnau, 1976; Cook and Samman, 1996). The flavonoids can be 
widely classified into different categories like flavonols, flavones, catechins, 
flavanones and appear to have intensive biological properties that promote 
human health and help to reduce the risk of disease. Flavonoids act as 
antioxidants, protect LDL cholesterol from oxidation, inhibit platelet 
aggregation, and act as anti-inflammatory and anti-tumor agents (Smith 
and Yang, 1994; Cook and Samman, 1996; Manach et al., 1996). Oxidative 
modification of LDL cholesterol is thought to play a key role during 
atherosclerosis. Plants such as Camellia chinensis, citrus fruits, Ginkgo 
biloba, soya beans, etc. contain large amounts of these polyphenolic 
compounds and exhibit various biological properties. These polyphenolic 
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compounds can inhibit oxidation of LDL cholesterol. Cells of the arterial 
wall including macrophages, smooth muscle cells, and endothelial cells can 
oxidize or otherwise modify LDL (Heinecke, 1997; Russell, 1999). 
Modified LDL can be a ligand for receptor-mediated processes leading to 
significant accumulation of cholesteryl esters (CE) in macrophages and 
smooth muscle cells (Heinecke, 1997; Russell, 1999). These CE-rich cells, 
known as foam cells, are the hallmark of the early atherosclerotic lesion. 
Flavonoids are usually present within the subendothelial space of the 
arterial wall in concentrations sufficient to protect lipoproteins such as LDL 
from oxidation. There is some evidence to suggest that flavonoids can be 
incorporated into lipoproteins within the liver or intestine and subsequently 
be transported within the lipoprotein particle (Fuhrman ef al., 1995; Kerry 
and Abbey, 1998). Flavonoids have been shown to inhibit the oxidation of 
LDL in vitro and, furthermore, the addition of the flavonoids, quercetin and 
catechin, to the diet have been shown to reduce LDL oxidation ex vivo in 
rats and was found to decrease the atherosclerotic lesion area in apoE- 
deficient mice (de Whalley et al., 1990; Hayek et al., 1997; da Silva et al., 
1998; Fremont et al., 1998; Borradaile et al., 1999). The mechanisms 
whereby flavonoids inhibit LDL oxidation are unclear. They may protect 
a-tocopherol in LDL from oxidation, possibly by being preferentially 
getting oxidized themselves, or they may reduce the formation or release of 
free radicals. Flavonoids can react with superoxide anions (Kuhnau, 1976), 
hydroxyl radicals (Husain et al., 1987) and lipid peroxy radicals (Torel 
et al., 1986). These compounds may also act by chelating iron, which is 
thought to catalyze processes leading to the formation of free radicals 
(Afanas’ev et al., 1989; Morel et al., 1993). A number of reports have 
suggested that these compounds may also influence atherogenesis through 
an effect on lipid and lipoprotein metabolism (Sharma, 1979; Basarkar 
and Nath, 1983; Choi et al., 1991a,b; Jahromi et al., 1993; Anthony et al., 
1997a; Yotsumoto et al., 1997; Wilcox et al., 1998; Borradaile et al., 
1999). In addition to direct oxidant scavenging, flavonoids may inhibit the 
enzymes involved in generating pro-oxidant molecules. For example, 
flavonoids have been shown to inhibit the generation or release of free 
radicals derived from lipoxygenase (LOX) (Huang et al., 1997). It has been 
suggested that LOX is involved in the early events of atherosclerosis by 
inducing plasma LDL oxidation in the subendothelial space of the arterial 
wall (Huang et al., 1997). While the majority of research focused on the 
anti-oxidant roles of flavonoids, studies in rats have shown that the 
flavonoids such as quercetin (Fuhrman ef al., 1995), hesperidin 
(Collins et al., 1997), marsupin (Jahromi et al., 1993), pterosupin (Jahromi 
et al., 1993), liquiritigenin (Jahromi et al., 1993), biochanin A (Anthony 
et al., 1997), formononetin (Anthony et al., 1997), and pratensein 
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(Anthony ef al., 1997) cause significant reductions in serum TC and 
triglyceride (TG). In non-human primates, dietary genistein, the isoflavone 
significantly reduces plasma LDL and VLDL cholesterol levels (Anthony 
et al., 1997). 


1. Citrus flavonoids 


Naringin (naringenin-7-rhamnoglucoside), the bitter principle of grapefruit 
(Citrus paradisi) is found in the juice, flower, and rind of the fruit. Naringin 
and other naringenin glycosides can be found in a variety of other sources 
including propolis (Nagy et al., 1985) and Prunus davidiana (Husain et al., 
1987). Monotes engleri contains a prenylated form of naringenin (6-(1,1- 
dimethylallyl)naringenin) (Seo et al., 1997). The chemical name of 
naringenin is 2,3-dihydro-5,7-dihydroxy-2-(4-hydroxyphenyl)-A4H-1-benzo- 
pyran-4-one. Naringenin is derived from the hydrolysis of the glycone forms 
of this flavanone, such as naringin or narirutin (Prasad, 1999). Another 
predominant flavonoid present in citrus fruit is hesperidin. Naringin exhibits 
anti-atherogenic property by inhibiting lipid peroxidation at 465—565 mM 
(Laughton et al., 1991; Saija et al., 1995), auto-oxidation of rat cerebral 
membranes at 322 mM (Saija et al., 1995), LOXs and cyclooxygenases at 
200 mM (Corvazier and Maclouf, 1985; Laughton et al., 1991) and 
myeloperoxidase at 150 mM (Divi and Doerge, 1996). It also inhibits 
thromboxane B2 production at 175—200 mM (Corvazier and Maclouf, 1985) 
and platelet aggregation at 90—500 mM (Landolfi et al., 1984; Corvazier and 
Maclouf, 1985). It has a significant effect on lipid metabolism by reducing 
apo-B secretion from hepatocytes at 50—100 mM (Wilcox et al., 1998; 
Borradaile et al., 1999) and inhibits acyl-CoA: cholesterol acyltransferase at 
50—100 mM (Wilcox et al., 1998). 


E. TEA POLYPHENOLICS 


Tea is a rich source of polyphenolics; green tea leaves consist specifically of 
catechins and black tea leaves contain theaflavins (catechin dimers). When 
rats were fed green tea polyphenols, blood cholesterol concentrations 
declined in hypercholesterolemic animals (Dreosti, 1996). These effects 
may be explained by the capacity of green tea catechins and gallate esters to 
reduce intestinal cholesterol absorption, lower blood coagulability, and 
inhibit proliferation of human aortic smooth muscle cells. It has been reported 
that LDL-cholesterol oxidation is inhibited by exposure to tea flavonoids, 
specifically the catechins from green tea leaves or theaflavins from black 
tea leaves (Dreosti, 1996). Catechin, epigallocatechin gallate provided the 
maximum protection and was more protective than vitamin E, whereas 


HYPOLIPIDEMIC BOTANICALS 295 


the theaflavins exerted even stronger inhibitory effects than the catechins. 
In human epidemiological studies, green tea consumption was inversely 
associated with serum levels of TC and LDL-cholesterol, but had no 
significant correlation with levels of HDL-cholesterol or triglycerides (Kono 
et al., 1996). Catechins are considered to lower cholesterol by a mechanism 
that suppresses cholesterol absorption in the intestine (Fukuyo ef al., 1986; 
Chisaka et al., 1988; Ikeda et al., 1992; Ishikawa et al., 1997; Matsumoto 
et al., 1998; Valsa et al., 1998). In studies of animals fed high-fat or high- 
cholesterol diets, tea catechins reduced serum cholesterol and/or lipid levels 
in rats (Muramatsu et al., 1986; Valsa et al., 1995) mice (Matsuda et al., 
1986), and hamsters (Chan et al., 1999), and increased fecal excretion of 
neutral steroids and bile acids in hamsters (Chan ef al., 1999). In rats fed a 
normal diet, a dose of 10 mg/kg of catechin produced the maximum reduction 
in plasma cholesterol and the maximum increase in excretion of fecal neutral 
steroids and bile acids (Valsa et al., 1995). Thus tea polyphenols play an 
effective role in lowering elevated cholesterol levels. 


F. SAPONIN 


Among their diverse biological activities, saponins possess effective 
hypocholesterolemic action (Price et al., 1992). Saponin- cholesterol 
interaction is an important part of the hypocholesterolemic action of alfalfa 
but interactions of bile acids with other components of alfalfa might be 
equally important. Alfalfa plant and sprout saponin have been found to be 
effective in binding significant amounts of cholesterol (Wang and Ng, 1999). 


G. SOYBEAN PROTEIN 


The cholesterol-lowering effects of soy protein have been recognized for 
more than 90 years (Anderson et al., 1995a,b). It has been reported that 
soybean protein induced a reduction in serum apo A-1 with the relative 
concentration of HDL-cholesterol remaining at a higher level (Forsythe 
et al., 1980). It has been observed that plant protein (50% from soybean 
meal and 2596 each from corn and wheat) lowered plasma cholesterol 
levels in young male pigs compared with animal proteins (90% from casein 
and 10% from lactalbumin) (Forsythe et al., 1980). Carroll et al. (1978) 
observed that plasma cholesterol levels were lower when soybean protein 
was included in the diet of young, healthy normo-lipidemic women. Studies 
over the past 20 years have shown that the daily consumption of 30—60 g 
of soy protein contributes to a decrease in total and LDL cholesterol level 
between 10 and 20% in individuals with elevated serum cholesterol (Caroll, 
1991). An intake of 30—60 g of isolated soy protein in muffins, breads, 
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cookies and other commonly eaten bakery items effectively lowers raised 
cholesterol (Potter et al., 1993). Mokady (1992) reported that rats fed a 
diet containing 10% protein derived from soy protein, wheat gluten, or 
wheat gluten supplemented with lysine and threonine possessed 
lower serum cholesterol and triglyceride levels with no LDL and a higher 
level of HDL. 


H. PLANT INDOLES 


Indole 3-carbinol induced a lowering of serum cholesterol levels and the 
serum LDL-cholesterol/VLDL cholesterol ratio (Mokady, 1992). 


I. UNSATURATED FATTY ACIDS 


Booyens et al. (1984) reported that unnatural dietary trans and cis unsaturated 
fatty acid isomers are a definite risk factor in the etiology of coronary disease, 
despite an early report about the hypocholesterolemic activity of unsaturated 
fatty acids from plant origin. 


J. RESVERATROL 


Resveratrol (trans-3,4',5-trihydroxystilbene) is a phytopolyphenol isolated 
from the seeds and skins of grapes. In plants, resveratrol functions as a 
phytoalexin that protects against fungal infection (Hain et al., 1990). 
Because of its high concentration in grape skin, significant amounts of 
resveratrol are present in wine. Recent studies indicate that resveratrol can 
block the process of multi-step carcinogenesis, namely, tumor initiation, 
promotion and progression. Resveratrol can also reduce the risk of 
cardiovascular disease in man. The molecular mechanisms of resveratrol 
in chemoprevention of cancer and cardiovascular disease are interesting and 
are under intensive investigation. /n vivo, ex vivo and many animal 
experiments have shown that resveratrol possesses many biological 
attributes that favor protection against atherosclerosis, including anti- 
oxidant activity, modulation of hepatic apo-lipoprotein and lipid synthesis, 
inhibition of platelet aggregation (Soleas et al., 1997). It has been suggested 
that it plays a role in the prevention of heart disease, as it inhibits platelet 
aggregation, alters eicosanoid synthesis and modulates lipid and lipoprotein 
metabolism (Soleas et al., 1997). Platelets have a critical role in initiating 
the chemical signals that set in motion complex cellular events, resulting in 
atherosclerosis. Platelets adhere to the endothelial surface of arteries and 
trigger luminal occlusion leading to acute CHD (Renaud et al., 1992). 
Gehm et al. (1997) reported a new facet of resveratrol, where, on the basis 
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of its structural similarity with the synthetic estrogen- diethylstilbosterol, 
they hypothesized that it might be a phytoestrogen (Gehm et al., 1997). 


K. PROPIONATE 


A metabolic product of fiber fermentation, propionate may mediate some of 
the hypocholesterolemic effects of certain soluble plant fibers. In cholesterol- 
fed rats, propionate decreases serum cholesterol and liver triglyceride level 
where no changes in hepatic histology in response to propionate intake have 
been detected (Wang and Ng, 1999). 


L. MEVINOLIN 


Mevinolin produced by the fungus Aspergillus tereus, competitively inhibits 
HMG-Co-A reductase, a key enzyme in the cholesterol biosynthetic pathway, 
and thereby lowers cholesterol level (Wang and Ng, 1999). 


M. FUNGAL POLYSACCHARIDES 


Polysaccharides CS-F30, from cultural mycelia of Cordyceps sinensis 
decreased plasma cholesterol in mice (Jones ef al., 1998). The glucuronox- 
ylomannan from Tremella fuciformis fruiting bodies brought about reduction 
in the plasma cholesterol level in mice (Wang and Ng, 1999). 


N. ALGAL EXTRACT 


An extract of Spirulina, unicellular filamentous blue-green algae for human 
consumption has been reported to have potential hypocholesterolemic 
activity (Chamorro et al., 1996). 


O. RICE BRAN OIL 


Rice bran oil is made from the pericarp and germ of the Orzya sativa 
seed. It constitutes 10% of the rough rice grain and 18-22% oil. 
Pharmacological properties of rice bran oil and its active component, 
oryzanol, have been established for varied therapeutic potential including 
hypolipidemic, neuroendocrinological, gastroenterological and dermatologi- 
cal effects (Suzuki and Oshima, 1970). Rice bran oil and its varied 
components have a demonstrated ability to improve the plasma lipid pattern 
of rodents, rabbits, non-human primates and humans reducing total plasma 
cholesterol and triglyceride concentrations, and increasing the HDL 
cholesterol level (Cicero and Gaddi, 2001). 
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P. SULFUR-CONTAINING COMPOUNDS 


Allium cepa and Allium sativum are rich in naturally occurring sulfur- 
containing compounds which influence plasma cholesterol and atherosclero- 
sis. Garlic oil was in the pharmacopeia of the Babylonians and other ancient 
people (Kritchevsky, 1991). Garlic contains a number of compounds, but the 
most active are diallyl disulfide (DADS) and its mono S-oxide (allicin). 
Allicin was identified initially as the active compound responsible for 
anti-atherosclerotic effect. It has also been observed that water-soluble 
organosulfur compounds, especially S-allyl cysteine (SAC), present in aged 
garlic extract (AGE) and DADS, present in garlic oil are also potent inhibitors 
of cholesterol synthesis. Garlic oil or garlic has been shown to be 
hypolipidemic in humans, with a recent meta-analysis suggesting that 
one-half clove of garlic per day lowered serum cholesterol by approximately 
9%. The same amount of garlic was shown to reduce cholesterol levels and 
severity of atherosclerosis in cholesterol-fed rabbits. The mechanism of 
hypocholesterolemia may be the inhibition of cholesterol synthesis (Yu-Yan 
and Liu, 2001). Abramovitz et al. (1999) investigated the effect of allicin as 
an active component of garlic on the formation of fatty streaks in the aorta and 
lipid profile in mice. While no significant differences were observed between 
the blood lipid profiles, the microscopic evaluation of the formation of fatty 
streaks in the aortic sinus showed that values for mice in the allicin treated 
groups were significantly lower by nearly 5096 (Abramovitz et al., 1999). 


IIl. HERBS USEFUL IN HYPERCHOLESTEROLEMIA 


Herbs are generally considered as a safe way to strengthen and tone the 
human body system. Herbs may be used as dried extracts or tinctures (alcohol 
extracts) or in any other dosage form, singly or in combination, as noted 
(Mukherjee, 2001). Currently available hypolipidemic drugs like gemfibrozil, 
bezafibrate, lovastatin, and nicotinic acid are not totally safe particularly 
when used for prolonged periods. Viewed in this context, the hypolipidemic 
potentials of medicinal plants need critical study. Several plant species 
have been reported to possess anti-hypercholesterolemic action. For example, 
garlic (A. sativum) has the effect of reducing cholesterol. It is most effective 
when included in the diet in the raw form, or taken in capsules. Herbs 
that support the claim to be used for their hypocholesterolemic effects 
include Cicer arietinium, Commiphora mukul, Curcuma longa, Emblica 
officinalis, Inula racemosa, Terminalia species of plants like Terminalia 
arjuna, Terminalia chebula, Trigonella foenum graecum, milk thistle 
(Silybum marianum), dandelion root (Taraxacum officinale), burdock root 
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(Arctium lappa), blue flag (Iris versicolor), greater celandine (Chelidonium 
majus), blue vervain (Verbena bastata), and hawthorn berries (Crataegus 
oxyanthoides). These herbs help to lower high blood pressure, promote 
cholesterol metabolism and suppress cholesterol synthesis as well as streng- 
thening connective tissue and cardiac muscle. Ginger (Zingier offiicinalis), 
Alfalfa (Medicago sativa) and several other herbs have been shown to lower 
cholesterol levels (Sharma, 1997; Wang and Ng, 1999; Mukherjee, 2002). 
The hypolipidemic potentials of the various plant species has been further 
explained in Table III. Details on several plants including their general habits, 
pharmacognositical, pharmacological and clinical properties with hypolipi- 
demic potential are discussed in the next section. 


A. PHYLLANTHUS NIRURI 


Phyllanthus niruri (Family—Euphorbiaceae) is a small herb distributed 
throughout the tropical and subtropical regions of both hemispheres. This 
plant is of medicinal importance for numerous ailments like dysentery, 
influenza, and diabetes and possesses diuretic, anti-hepatotoxic and anti-viral 
effects (Chopra et al., 1986; Qian, 1996). The lipid-lowering activity of 
P. niruri has been studied in Triton-induced and cholesterol-fed hyperlipemic 
rats. Serum lipids were lowered by P. niruri extract orally fed 
(250 mg/kg b.w.) to the Triton WR-1339 induced hyperlipemic rats. Chronic 
feeding of this plant (100 mg/kg) in animals simultaneously fed with 
cholesterol (25 mg/kg) for 30 days caused lowering of the lipids and 
apoprotein levels of VLDL and LDL in experimental animals. The 
anti-hypercholesterolemic effect of this plant may be mediated through the 
inhibition of hepatic cholesterol biosynthesis, increased excretion of fecal bile 
acids, and enhanced plasma lecithin: cholesterol acyl transferase activity 
(Khanna et al., 2002). P. niruri enhances the excretion of bile acids through 
feces and this contributes to the regress of cholestersteosis in liver damage. 
Disorders of lipid metabolism are associated with peroxidative degradation of 
membrane lipids and, like picroliv, this may also act as an anti-oxidant to 
inhibit lipid peroxidative liver damage (Chander et al., 1988). 


B. CORAINDRUM SATIVUM 


Almost all the spices exhibit a wide range of physiological and pharmaco- 
logical effects (Beena et al., 1995, 1996) and thus are useful as domestic 
remedies for many of the human disorders (Nadkarni and Nadkarni, 1976; 
Chopra et al., 1986). Coraindrum sativum popularly known as coriander seed 
is a very commonly used spice in Indian cuisines. The biochemical effects of 
this seed on lipid parameters in 1,2-dimethyl hydrazine (DMH) induced colon 
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TABLE III 
PLANTS POSSESSING HYPOLIPIDEMIC POTENTIALS 
Name of the plant Family Plant parts used References 
Achyranthus aspera Amaranthaceae Leaves, roots Khanna et al. (1992) 
Aegle marmelos Rutaceae Fruits, root, bark, leaves, flowers Sharma and Dwivedi (1997) 
Agave vera Amaryllidaceae Roots, leaves, gum Sharma and Dwivedi (1997) 
Alchemilla xanthochlora Rosaceae Leaf Filipek (1992); Der Marderosian and 
Beutler (2002) 
Allium cepa Liliacea Under ground bulb Augusti and Mathew (1974); Lata et al. (1991); 
Der Marderosian and Beutler (2002) 
Allium stivum Liliacea Bulb, oil Sharma and Dwivedi (1997) 
Aloe barbadensis Liliacea Leaves Sharma and Dwivedi (1997) 
Amorphophallus konjac Koch. Araceae Flour Der Marderosian and Beutler (2002) 
Apocynum venetum Apocynaceae Leaves, roots Kim et al. (2000) 
Arctium lappa L. Asteraceae Seeds, roots, leaves Iwakami et al. (1992) 
Avena sativa L. Gramineae Inner husk of the grain Anderson et al. (1984); Der Marderosian and 
Beutler (2002) 
Azadirachta indica Meliaceae Leaf Mukherjee et al. (1995) 
Bambusa arundunaceae Gramineae Leaves Sharma and Dwivedi (1997) 
Bidens pilosa Asteraceae Leaves Dimo et al. (2001) 
Bosswellia serrata Burserraceae Gum Sharma and Dwivedi (1997) 
Brassica varcapitata Cruciferae Oil Sharma and Dwivedi (1997) 
Bupleurum chinense DC Umbelliferae Roots Bone (1996); Der Marderosian and Beutler (2002) 
Cajanus cajan Fabaceae Seeds Sharma and Dwivedi (1997) 
Camellia sinensis L. Kuntze Theaceae Leaves Yokozawa and Dong (1997); Tijburg 
(Green tea) et al. (1997) 
Lycopersicon esculentum Solanaceae Ripe fruit of tomatoes Der Marderosian and Beutler (2002) 
Capparis deciduas Capparaceae Leaves, fruits, stem Sharma and Dwivedi (1997) 
Capsicum frutescens Solanaceae Fruits Sharma and Dwivedi (1997) 
Carthamus tinctorius L. Compositae Flower Der Marderosian and Beutler (2002) 


TABLE III (continued) 


PLANTS POSSESSING HYPOLIPIDEMIC POTENTIALS 


Name of the plant Family Plant parts used References 

Carum capaticum Umbeliferae Fruits, roots Sharma and Dwivedi (1997) 

Celastrus paniculatus Celastraceae Seed oil, bark, root, fruit Sharma and Dwivedi (1997) 

Cicer arietinum Papillionaceae Seeds, leaves Sharma and Dwivedi (1997) 

Cichorium intybus L. Compositae Root Roberfrodid (1999) 

Citrus lemon L. Rutaceae Fruit Carper (1988); Bruneton (1995) 

Cimicifuga racemosa (L.) Nutt. Ranunculaceae Root and rhizomes Greaves et al. (2000) 

Commiphora mukul Burseracaea Exudates Der Marderosian and Beutler (2002) 

Crataegus oxyacantha Rosaceae Flowers, leaves, fruits Chen et al. (1995); Rajendran et al. (1996) 
L. C. laevigata (Poir.) 
C. monogyna Jacquin 

Curcuma amada Zinziberaceae Rhizome Sharma and Dwivedi (1997) 

Curcuma longa Zinziberaceae Rhizome Sharma and Dwivedi (1997) 

Cyamopsis tetragonolobus Fabaceae Indian cluster bean Todd et al. (1990); Der Marderosian and 
(L.) Taub. Beutler (2002) 

Cynara scolymus L. Compositae Leaf Gebhardt (1998); Anonymous (1999) 

Emblica officinalis Gaertin. Euphorbiaceae Fruit Thakur and Mandal (1984); Thakur (1985); 

Jacob et al. (1988); Mathur et al. (1996) 

Emblica ribes Myrsinaceae Seeds, fruit, bark Sharma and Dwivedi (1997) 

Eleutherococcus senticosus Araliaceae Root and leaf Der Marderosian and Beutler (2002) 
Maxim 

Eugenia caryophyllata Thunb. Myrtaceae Buds Der Marderosian and Beutler (2002) 

Forsythia suspense (Thunb) Oleaceae Ripe fruit Iwakami et al. (1992) 

Ganoderma lucidum Karst. Polyporaceae Whole plant Lininger (1998) 

Ginkgo biloba L. Ginkgoaceae Leaves DeSmet et al. (1997) 

Glycine max Leguminosae Beans Barnes (1998); Der Marderosian and Beutler (2002) 

Grifola frondosa Polyporaceae Whole mushroom Kabir et al. (1987); Kubo and Nanba (1996, 1997) 


(continued on next page) 
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TABLE III (continued) 


PLANTS POSSESSING HYPOLIPIDEMIC POTENTIALS 


Name of the plant Family Plant parts used References 

Gynostemma pentaphyllum Cucurbitaceae Whole plant Der Marderosian and Beutler (2002) 
(Thunb.) Makino 

Hordeum vulgare L. Gramineae Barely grain flour Lupton et al. (1994) 

Juglans regia L. Juglandaceae Fruit Chi (1982); Potter (1995) 

Juglans nigra Juglandaceae Nuts Der Marderosian and Beutler (2002) 

Juniperus communis Cupressacea Berries and fruits Tunon et al. (1995) 

Linum usitatissimum L. Linaceae Seed Robinson (1991) 

Medicago sativa L. Leguminosea Leaves and sprouts Malinow et al. (1977, 1978, 1981); 

Cohen et al. (1990) 

Momordica charantia L. Cucurbitaceae Fruits, leaves and seeds Der Marderosian and Beutler (2002) 

Monascus purpureus Fermented cooked rice Der Marderosian and Beutler (2002) 

Moringa oleifera Moringaceae Leaves Ghasi et al. (2000) 

Mucuna pruriens Papilionacea Roots, seeds, fruit Sharma and Dwivedi (1997) 

Musa sapientum Musaceae Fruits, root, stem, flower, leaves Sharma and Dwivedi (1997) 

Napeta hidostama Labiatae Whole plant Sharma and Dwivedi (1997) 

Oenothera biennis L. Onagraceae Seeds Horrobin and Manku (1983); Puolakka and 

Makarainen (1985) 

Olea europaea Oleaceae Fruit Carper (1988); Aviram (1996) 

Oputia tuna Mill Oputi Raw plant Der Marderosian and Beutler (2002) 
ficus—Indica 

Oryza sativa Gramineae Rice bran oil Seetharamaiah and Chandrasekharan (1989) 

Panax quinquefolius L. Araliaceae Root Chen et al. (1995) 
Panax ginseng C.A. 

Paullinia cupana Sapindaceae Seeds Bydlowski et al. (1991) 

Persea Americana Lauraceae Fruit Der Marderosian and Beutler (2002) 

Perilla frutesceus (L.) Lamiaceae Seeds Der Marderosian and Beutler (2002) 

Phaseolus aureus Fabaceae Seed Sharma and Dwivedi (1997) 
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TABLE III (continued) 


PLANTS POSSESSING HYPOLIPIDEMIC POTENTIALS 


Name of the plant Family Plant parts used References 

Phaseolus mungo Fabaceae Seed Sharma and Dwivedi (1997) 

Phyllanthus niruri Euphorbiaceae Whole plant Khanna et al. (2002) 

Picrorhiza kurroa Scrophulariaceae Root Sharma and Dwivedi (1997) 

Piper nigram Piperaceae Leaves Sharma and Dwivedi (1997) 

Polygonum multiflorum Polygonaceae Root, stem and leaf Chevallier (1996); Reid (1986) 

Portulaca oleracea L Portulacaceae Whole herb Low and Rodd (1994); Reid (1986) 

Pterocarpus marsupium Papalionaceae Gum, leaves Sharma and Dwivedi (1997) 

Plantago lanceolata L. Plantaginaceae Seeds Greaves et al. (2000) 

Ruscus aculeatus L. Liliaceae Root Capelli and Nicora (1988) 

Ruta graveolens L. Rutaceae Aerial parts Chevallier (1996); Duke (1989) 

Saussuraea lappa Asteraceae Root Sharma and Dwivedi (1997) 

Silybum marianum L. Compositae Seeds Der Marderosian and Beutler (2002) 

Stevia rebaudiana Bertoni. Asteraceae Leaf Der Marderosian and Beutler (2002) 

Tanacetum parthenium Asteraceae Leaves Der Marderosian and Beutler (2002) 

Terminalia arjuna Terminalia Combretaceae Bark and fruit Chevallier (1996) 

bellirica Terminalia chebula 

Thevatia nerifolia Apocynaceae Leaves Sharma and Dwivedi (1997) 

Tinospora cordifolia Menispermaceae Root Der Marderosian and Beutler (2002) 

Trachyspermum ammi L. Apiaceae Fruit Srivastava (1988) 

Trichosanthes dioca Cucurbitacea Fruit powder Sharma and Dwivedi (1997) 

Trigonella foenumgraecum Leguminosae Leaves, seeds Sharma and Dwivedi (1997) 

Tussilago farfara L. Compositae Buds Hwang et al. (1987) 

Uncaria tomentosa DC Rubiaceae Bark Cohen et al. (1990); Hemingway and 
Phillipson (1974) 

Vitis vinifera V. labrusca Vitaceae Grapes and leaves Der Marderosian and Beutler (2002) 

V. rotundifera 
Zingiber officinale Roscoe Zingiberaceae Rhizome Kiuchi et al. (1992) 
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cancer in rats has been reported (Chitra and Leelamma, 2000). The level of 
cholesterol decreased in the coriander-fed group compared with the DMH 
control group at the end of the 30-week period. Cholesterol and its 
metabolites, namely the secondary bile acids stimulate the proliferative 
activity of the colonic epithelium resulting in tumor promotion (Takano et al., 
1981). The observed decrease in the level of cholesterol in the experimental 
group may be due to lower cholesterogenesis (Petrovich et al., 1984) as well as 
increased excretion of sterols and their metabolites. The cholesterol/ 
phospholipids ratio is closely related to membrane fluidity. The lower ratio 
of cholesterol/phospholipids in the spice-fed group is closely associated with 
membrane stability. A change in the concentration of cholesterol will greatly 
affect the fluidity of the membrane and thereby can bring about abnormal 
changes in the membrane properties and function. The spice also prevents 
changes in the ratio of cholesterol/phospholipid, thereby maintaining the 
membrane fluidity, integrity and function. Thus, the inclusion of this spice in 
the daily diet plays a significant role in the protection of colon against 
chemical carcinogenesis (Marsch et al., 1976; Chitra and Leelamma, 2000). 


C. MORINGA OLIEFERA 


Moringa oliefera Lam (English-horse radish plant or drumstick tree) 
commonly known as 'Sajna' is a very well known botanical used in 
traditional medicine in India. It is native to South Asia, but grows in tropical 
Africa and Latin America. The leaves are eaten commonly as a food in India 
(Ramachandran et al., 1980; Pal et al., 1996). A crude extract of the leaf of 
M. oliefera Lam has been shown to possess hypocholesterolemic activity 
(Ghasi et al., 2000). A dose of 1 mg/g extract when co-administered with a 
high-fat diet, daily for a period of 30 days, had a cholesterol-reducing effect in 
the serum, liver, and kidneys, compared to the high-fat-fed group. The 
presence of the phytosterol, Q-sitosterol, has been established in the leaf of 
this plant which is presumably the bioactive component that lowers the 
plasma concentration of LDL and exerts the cholesterol-lowering property 
(Ghasi et al., 2000). 


D. APOCYNUM VENETUM 


Apocynum venetum L. known as Luobuma in China and Rafuma in Japan has 
been used for a long time in traditional Chinese medicine (TCM) for the 
treatment and prevention of hypertension, bronchitis, common cold and 
other ailments. The therapeutic potential of the leaves of this plant as an 
anti-hypertensive, anti-aging and anti-hyperlipidemic has been reported 
(Muramatsu et al., 1986; Ma and Chen, 1989). This when used as a 
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tea product drink is useful as an anti-hypercholesterolemic and anti- 
atherosclerotic (Matsuda et al., 1986; Muramatsu et al., 1986). Luobuma 
extracts decreased the serum TC and LDL-cholesterol levels and the 
atherogenic index, as well as the hepatic TC level in hypercholesterolemic 
rats, but they increased the HDL-cholesterol level. Clinical report on the 
Luobuma extract indicates that it decreases TC and triglyceride levels of 
patients with hyperlipidemia (Ma and Chen, 1989). 


E. CICER ARIETINUM 


This plant belongs to the papillionaceae family and commonly known as 
Channa in Hindi and Bengal gram in English. It is rich in amino acids 
like cystene, lysine, methionine, tryptophan, arginine and glutamic acid. 
C. arietinum has been found to have highly significant hypocholesterolemic 
action in rats and rabbits. It lowered both ester and free cholesterol contents of 
beta-lipoproteins. The hypocholesterolemic property was detected in lipid 
extracts of the plant as well as in the defatted portion, the former being more 
potent in this respect. Its lipid-lowering action could possibly be attributed to 
inhibition of the synthesis of cholesterol in the liver, and increased catabolism 
and excretion of cholesterol end products in the feces (Mathur et al., 1968a,b). 
In patients fed a high-fat diet, supplementation of C. arietinum has been 
reported to lower serum lipids significantly. The hypocholesterolemic effect 
was associated with a statistically significant increase in 24-h fecal excretion 
of total bile acids without any significant increase in neutral sterols (Mathur 
et al., 1968c). C. arietinum has been observed to have a very significant 
anti-artherogenic effect in rabbits. The atherosclerotic process is delayed in 
onset and is also less severe in degree in rabbits treated with C. arietinum. 
It has also been reported that the cholesterol content of the aortic wall in the 
control animals was significantly higher in the cholesterol-fed rabbits in 
comparison to C. arietinum (Mathur et al., 1968b). In albino rats having 
egg-yolk induced hypercholesterolemia, supplementation of C. arietinum 
decreased the serum cholesterol level due to the isoflavone, biocharin, present 
in germinating C. arietinum (Madhavan et al., 1971; Sharma, 1997). 


F. COMMIPHORA MUKUL (SYNONYM: C. WIGHTII) 


This plant is commonly known as ‘Indian Bdellium Tree’ and ‘Guggu!’ in 
Ayurveda. Gum resin excreted from the plant is mostly used. Guggul is a 
spiny shrub or small tree with many branches, usually growing 2 or 3 m high 
and found in the arid, rocky tracts of Rajasthan, Gujarat and Karnataka in 
India. A healthy tree yields 250—500 g of resin in one season, and guggul 
plants typically begin yielding resin after 5 years (Raghunathan and 
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Mittra, 1982). The tree of C. mukul is mostly found in Sindh, Rajasthan, 
Hyderabad, Karnataka, Madhya Pradesh, Assam and Bangladesh regions of 
the Indian subcontinent. The medicinal activity has been attributed to the 
oleogum resin (guggul) of the stem bark, which has been in use for thousands 
of years. Ayurvedic literature is full of praise for guggul and its divine 
actions, right from healing bone fractures and inflammations to treating 
cardiovascular disease, obesity and lipid disorders. In Tibetan medicine, the 
plant is used for skin diseases, anemia, edema, salivation and heaviness of 
the stomach and has been proven helpful for regulating cholesterol levels. 
The plant's lipid-lowering properties have been noted among practitioners of 
Ayurvedic medicine, while modern scientific research is validating these 
observations. Guggul works to balance conditions of both low and high 
cholesterol whether brought on by diet, lack of exercise, chronic stress, or 
genetic predilection. 

Gum guggul has been found to act as hypocholesterolemic and 
hypolipidemic agents in experimental animals like pigs, chicks, rabbits and 
rats (Arora et al., 1972). Preliminary clinical studies carried out on 22 patients 
of hypercholesterolemia with associated obesity, ischemic heart disease, 
hypertension and diabetes showed a fall in total serum cholesterol and serum 
lipids in all cases treated with guggul (Dwarakanath and Satyavati, 1970). 
In another study, guggulipid, an oleoresin and mixture of several steroid 
lipids, in the dose of 1.2 g/day for 6 weeks reduced cholesterol by 15% and 
triglycerides by 20%. When guggulipid was administered in a dose of 
1.5 g/day for 12 weeks, it brought down the levels of cholesterol by 16.9% and 
triglycerides by 27%. The effect of guggul powder (8 g/day) in 135 patients 
with ischemic heart disease for a duration of 12 weeks showed reductions in 
serum cholesterol (27%), serum triglycerides (36%), phospholipids (20%), 
and free fatty acids (37%) (Sharma, 1997). It is believed that the lipid- 
regulating effects of guggul resulted from its thyroid-regulating action, and its 
combined effects of inhibiting the biosynthesis of cholesterol’s thyroid 
hormones. Z-guggalsterone, a ketosteroid and a component of guggul is such 
an agent. The plant is especially useful where T3 (Triiodothyronine) values of 
the thyroid are low. Guggul’s thyroid stimulating property also explains the 
traditional use of the plant for thyroid-related problems. The hypolipidemic 
action of the gum resin of C. mukul is well accepted in Indian systems of 
medicine that can be explained on the following basis (Satyavati et al., 1976): 


e Significant increase in the rate of removal/extraction of cholesterol from 
the body. 

e Mobilization of cholesterol from the tissues (as evident clinically by the 
resolution of xanthomas). 

e Decrease in input/synthesis of cholesterol. 
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e Increase in the rate of degradation of cholesterol by activating the thyroid 
gland. 

e Crude plant extracts contain ion-exchange resins, which combine with the 
bile acids and thereby trap cholesterol out of entero-hepatic circulation. 


The oleoresin from C. mukul has been mentioned in the ancient Indian 
texts Atharvaveda, and in the early medical texts of Charaka, Sushruta, the 
Samhitas and Nighantus describing the old treatise, which are over a thousand 
years old. Textbooks of Ayurvedic Medicine distinguish between fresh and 
old varieties of guggul. The oleoresin contains 0.37% essential oil containing 
mainly myrecene, dimyrecene and polymyrecene. Alcohol extraction gives a 
soluble resin and an insoluble carbohydrate gum. The ethyl acetate-soluble 
portion of guggul was found to possess hypolipidemic and anti-inflammatory 
properties. The active ingredients responsible for the use of the plant in the 
maintenance of healthy cholesterol levels, are the guggulsterones, specifically 
guggulsterone E and guggulsterone Z, standardized to contain a minimum of 
2.5% guggulsterones E and Z. The limits for the maximum level of 
guggulsterones (E and Z to 4.0—6.0%) in a soft extract have been specified in 
an official book (Anonymous, 1966). The extract of C. mukul was found to 
confer significant protection to albino rats against the development of experi- 
mental atherosclerosis; the extract not only prevented deteriorating changes 
in serum cholesterol, triglycerides, and plasma fibrinogen level but also 
favorably increased the plasma fibrinolytic activity (Nityanand et al., 1973). 

While performing clinical studies on 20 patients with hyperlipidemia who 
were administered with 4.5 g of purified gum guggul in two divided doses 
daily for 16 weeks, serum cholesterol and serum triglyceride levels were 
observed to decrease at the end of the 4th —8th week. HDL cholesterol showed 
a gradual increase while VLDL and LDL cholesterol showed a significant 
decrease at all time points (Satyavati et al., 1969). Thus due to its use from 
ancient times, over the years, it has become well known for the lowering of 
blood cholesterol levels. It may also be used as part of a weight reduction 
program. Scientists have been studying the hypolipidemic activity of guggul 
for over 20 years. It began with animal trials in the late 1960s and because of 
its success, quickly progressed to human clinical studies. Guggul proved 
extremely effective in regulating cholesterol, triglycerides, and phospholipids 
in both types of research. Extracts of guggul have been shown to lower the 
serum cholesterol level in chicks and have shown similar effects in rabbits, 
rats and domestic pigs (Nityanand et al., 1973; Satyavati et al., 1976). 
Another study performed in India in the late 1970s researched the long-term 
effects of lipid-regulating substances on humans. The two substances 
compared were clofibrate—an effective and frequently used hypolipidemic 
drug, and an ether extract of guggul resin. The guggul extract (1.5 g per day) 
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was taken orally by 41 of the 51 subjects suffering from elevated cholesterol 
triglycerides while the remaining 10 took clofibrate (2.0 g per day). It was 
observed that cholesterol and triglyceride levels fell significantly, progress- 
ively, and equally in both groups. In a 1986 study, an ethyl acetate extract of 
guggul showed similar benefits to those highlighted in the study above. In this 
particular trial, the guggul extract compared favorably with other hypolipi- 
demic drugs, significantly lowering serum cholesterol and triglyceride levels 
in 78.996 of the test subjects and it produced no noticeable side effects. 
Another study of guggul found that serum cholesterol and triglyceride levels 
were lowered by an average of 17.5 and 30.3%, respectively (Tripathi et al., 
1968; Satyavati et al., 1976). 


G. CURCUMA LONGA 


Turmeric (Curcuma longa), synonymous with curcumin, is a native East 
Indian and Southeast Asian herb and one of the medicinal plants listed in an 
Assyrian herbal text dating from about 600 Bc. C. longa is a perennial herb 
belonging to zingiberace family. It is 2—3 ft high with a short stem and 
tufted leaves (Panda, 1986). The rhizomes are short and thick. In India it is 
popularly known as haldi, halud, turmeric or halder. Turmeric was used by 
ancient practitioners in India as a stomachic, tonic and carminative. It is 
used as a household remedy for local application in inflammatory conditions 
and other painful affections. Its anti-platelet activity is equal to that of 
aspirin, but unlike aspirin does not increase prostacyclin synthesis. Studies 
on the effect of alcoholic and ethereal extracts of the rhizomes of C. longa 
and C. amada on the cholesterol level in experimental hypercholesterolemic 
rabbits revealed that the ethereal extract of C. amada lowered the blood 
cholesterol level (Pachauri and Mukherjee, 1970). Rhizome has been 
reported to contain the important coloring matter curcumin, which belongs 
to the dicinimolymethane group. Curcumin, isolated from the rhizomes of 
C. longa, caused a sharp but transient fall in blood pressure (Malhotra and 
Ahuja, 1974). It has also been reported that sodium curcuminate isolated 
from C. longa is an active choleretic which causes an increase in total 
excretion of bile salts, bilirubin and cholesterol. Ethanol extracts of C. longa 
(tuber) and Nardostachyas jatamansi (whole plant) feeding elevate the HDL 
cholesterol/TC ratio (Chaudhuri, 1998). The extract also caused a significant 
reduction in the ratio of TC/phospholipids. C. longa exhibited better 
cholesterol and triglyceride lowering activity (Ch = —85%, TG = —88%) 
as compared to N. jatamansi in Triton-induced hyperlipidemia. The chol- 
esterol-lowering effects of curcumin span all levels of lipid-lowering 
mechanism, including lowering total and LDL cholesterol (by 11% 
normally), increasing HDL cholesterol (by 29% normally), and reducing 
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lipid peroxidation, thereby limiting the oxidation of LDL cholesterol rats 
(Pachauri and Mukherjee, 1970; Sharma, 1997; Kokate et al., 1998). 


H. EMBLICA OFFICINALIS 


E. officinalis belonging to the Euphorbiaceae family is popularly known as 
amlaor, amlaki in India. It is cultivated in the Deccan region, Coastal districts 
and Kashmir region, Uttar Pradesh and the central part of India. Though all its 
parts including dried fruit seeds, leaves, root, bark and flower are used for 
medicinal purposes; its dried fruit seeds have been mainly in use for 
therapeutic purposes (Panda, 1986). E. officinalis has been reported to exert 
hypolipidemic activity. E. officinalis has been found to reduce serum TC, 
aortic cholesterol and hepatic cholesterol significantly, without any effect on 
the serum triglyceride levels in both normal and cholesterol induced hyper- 
cholesterolemic rabbits. The effect of E. officinalis on total serum cholesterol 
and its lipoprotein fractions was also studied in normal and hypercholester- 
olemic individuals aged 35—55 years. When the supplement was given for a 
period of 28 days in the raw form, both normal and hypercholesterolemic 
subjects showed a decrease in cholesterol levels. Two weeks after with- 
drawing the supplement, the total serum cholesterol levels of the hyper- 
cholesterolemic subjects rose significantly almost to the initial levels (Tewari 
et al., 1968; Sharma, 1997). 


I. INULA RACEMOSA 


Inula racemosa belongs to the Asteraceae family and is commonly known as 
‘pushkarmool.’ It is extensively cultivated in Jammu and Kashmir and 
abundantly found in Himalayan regions of India. Roots of this plant are used 
for medicinal purposes. The root powder of I. racemosa has been reported to 
be a hypolipidemic agent in clinical and experimental studies (Tripathi et al., 
1984). It has been investigated to have potential biochemical effects on 
isoprenaline-induced changes in rat's serum glutamic oxaloacetate transam- 
inase, lactic dehydrogenase and creatinine phosphokinase. It has been found 
to possess a propranolol-like beneficial effect in prevention of coronary 
ischemia and has been reported for its potent hypolipidemic and cardio- 
protective activity (Sharma, 1997). 


J. TERMINALIA ARJUNA 


T. arjuna commonly known as 'arjun' in India belongs to the Combretacea 
family and is a large deciduous tree attaining a height of 66 ft. Its bark has 
been used as medicine in heart disease since 500 Bc. The main constituents of 
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bark powder include glycosides (Arjunine, Arjunetin, Arjunoside I, Arjuno- 
side II, Triterpene-o-glycoside). The alcoholic decoction of this bark powder 
significantly increases euglobin lysis time, prolongs prothrombin time and 
lowers the serum cholesterol levels in ischemic heart disease patients. The 
bark powder lowered the systolic blood pressure and body mass index, and 
increased the HDL-cholesterol. The administration of the bark powder of 
T. arjuna causes a significant decrease in circulating catecholamine levels, 
while in adrenal glands its concentration goes up. It might be acting by 
inhibiting the catecholamine release from adrenal glands into the circulation, 
thus protecting the heart from catecholamine toxicity (Sharma, 1997; 
Gauthamna et al., 2001). The hypolipidemic action of T. arjuna coupled 
with the enhancement of PGE»-like activity, negative inotropic, chrontropic, 
anti-arrhythmic, anti-hypertensive and HDL cholesterol-raising properties 
make it an imminently cardio-protective product for the overall management 
of CAD (Gauthamna et al., 2001). 


K. TRIGONELLA FOENUMGRAECUM 


Fenugreek, otherwise known as Trigonella foenumgraecum has a rich 3000- 
year-old history of medicinal use in Egypt, Southern Europe, India, Asia, and 
Northern Africa. Fenugreek is mentioned in a variety of ancient writings, like 
the papyri found in Egyptian tombs and the records of the Roman emperor. 
The seeds of fenugreek (T. foenumgraecum), a condiment in India, are high in 
fiber content and are reported to have anti-diabetic and hypercholesterolemic 
properties in both animal models and humans. It is an aromatic herb, 
commonly known as ‘Methi’ in Hindi and fenugreek in English, belongs to 
family—leguminosae, and is cultivated in many parts of India. It has been 
used for many years as an insect repellent by agriculturists to protect gram 
from insect attacks. It was traditionally used to minimize the symptoms of 
menopause and arthritis, control diabetes, reduce cholesterol, control coughs 
and fevers, as an anti-inflammatory, and to improve heart and vascular health. 
Overall, fenugreek is an herb with a rich history in healthcare (Nadkarni and 
Nadkarni, 1976; Bruneton, 1995). The hypolipidemic effects of fenugreek 
seed on animals have been reported by many workers including effects on 
noninsulin-dependent diabetic patients; these studies have proven the potent 
thereapeutic potential of fenugreek in the treatment of hypercholesterolemia 
(Sharma, 1984, 1986a,b, 1996; Sharma et al., 1990). The oral administration 
of T. foenumgraecum showed significant hypocholesterolemic and hypo- 
triacylglycerolemic effects in cholesterol-induced hyperlipidemic rabbits, 
restoring the normal serum lipid levels and substantially lowering the tissue 
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lipids (Stark and Madar, 1993; Stark and Zechiaria, 1993; Sharma, 1997; 
Sowmya and Rajyalakshmi, 1998). 

Several more recent animal and human clinical trials have confirmed the 
therapeutic application of fenugreek seeds. Antioxidant activity preventing 
lipid peroxidation has been reported for the seeds of fenugreek (Anuradha and 
Ravikumar, 1998). Combined with its long history of safe use, it is no surprise 
that fenugreek is gaining a reputation as a promising herbal supplement for 
optimal health. Fenugreek is endowed with a variety of natural therapeutic 
compounds. The seeds contain an excellent source of mucilaginous fiber 
mainly composed of galactomannans. Galactomannans are glyconutrients 
that help to slow the absorption of carbohydrates, help to create a feeling of 
fullness and also act to improve organ health at the cellular level. Fenugreek 
seeds contain 45-60% fiber. Fenugreek seeds are also rich in protein 
(20-30% of the seed) and free amino acids, such as arginine (which plays a 
key role in cardiovascular health), histidine, lysine and tryptophan (Sauvaire 
et al., 1984, 1991, 1998). Fenugreek seeds also contain a unique amino acid 
called 4-hydroxyisoleucine (Fowden et al., 1973; Hardman and Fazli, 1972). 
Recent scientific research has confirmed that this rare compound can actually 
mimic and stimulate the release of insulin thereby helping to control blood 
glucose levels (Ali et al., 1995). This explains fenugreek's unique ability to 
help control diabetes. Fenugreek is also rich in flavonoids such as apigenin, 
luteolin, orientin, quercetin, vitexin, and isovitexin. These flavonoids act as 
powerful natural antioxidants and help to strengthen the immune system, 
improve cellular health and reduce the signs of aging. Even more impressive 
is the content of saponins in the seeds. Fenugreek contains natural saponins 
that can bind to cholesterol and fat in our diet and remove them from the body 
(Hardman and Fazli, 1972; Gupta et al., 1986; Benichou et al., 1999). Some 
of these saponins such as yamogenin, tigogenin, and neotigogenin can also act 
as natural phytoestrogens and help to support hormonal balance. In addition, 
fenugreek seeds contain vitamins A, B1, C, and nicotinic acid, therapeutic 
oils, pyridine-type alkaloids, such as trigonelline, choline, gentianine, and 
carpaine, and volatile oils such as n-alkenes and sesquiterpenes. Thus, 
fenugreek offers a diverse and effective natural therapeutic compound for 
curing so many ailments. 


L. APIUM GRAVEOLENS 


Apium graveolens known as celery belongs to the family Umbelliferae and is 
a biennial plant that is native to Europe. Celery generally grows about 1—2 ft 
tall, has tough-ribbed green stems and segmented dark green leaves 
containing toothed leaflets. It is high in mineral content, and contains phero- 
mone steroids identified as boars and parsnips (Claus and Hoppen, 1979). 
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Besides this, it also contains isovalerinic aldehyde, propionic aldehyde and 
acetaldehyde (Leung, 1980). It has long been recommended in TCM orally 
for dizziness, headache and high blood pressure. In rats fed a high-fat diet for 
8 weeks to induce hyperlipidemia, those given a celery juice supplement were 
reported to have significantly lower TC, LDL-cholesterol and triglycerides. 
An aqueous celery extract significantly lowers the systolic blood pressure 
(Leung, 1980). 


M. CICHORIUM INTYBUS 


Cichorium intybus, commonly known as *Chicory' of the family Compositae 
or Astraceae, is a perennial plant indigenous to Europe, India and Egypt. 
Chicory flowers contain chichorin, which is 6,7-glucohydroxycoumarin. The 
root contains up to 846 inulin (a polysaccharide), a bitter principal containing 
one part protocatechuic aldehyde to three parts inulin (Balbaa ef al., 1973). 
Chicory’s oligosaccharides are probiotic and are beneficial in maintaining 
healthy gastrointestinal flora. This plant is our best source of the cholesterol- 
lowering phytochemical, inulin. In France and Italy, the roots are not only 
consumed as a drink, but are also considered as a vegetable. Inulin is also 
reportedly lipolytic and may thereby decrease obesity and act as one of the 
contributors to cardiopathy. Improved lipid metabolism was demonstrated in 
rats fed an inulin containing chicory extract, possibly due to the changes in 
absorption or synthesis of cholesterol (Kim and Shin, 1996; Roberfroid and 
Delzenne, 1998; Roberfrodid, 1999). 


N. OENOTHERA BIENNIS 


Oenothera biennis, commonly known as Evening Primrose of the family 
Onagraceae, is a large delicate wild flower native to North America. It is not a 
true primrose; the blooms usually last for only one evening. Seeds of 
O. biennis contain 14% of a fixed oil known as OEP. This oil contains 
50-70% cis-linoleic acid and 7-10% cis-gamma-linoleic acid (GLA) 
(Leung, 1980). Essential fatty acids are important as cellular and structural 
elements, and as precursors of prostaglandins, which help to regulate 
metabolic function. GLA may inhibit a number of cardiovascular pathologies, 
including cardiac arrhythmia, hypertensive responses, platelet aggregation 
and hyperlipidemia. Linoleic acid can reduce elevated serum cholesterol 
levels, but GLA has cholesterol-lowering activity about 170 times greater 
than the parent compound. GLA, the major active ingredient in the evening 
primrose oil (also in borage, currant and hempseed oil), inhibits platelet 
aggregation, reduces blood pressure and restores the motility of red blood 
cells (Marderosian and Lawerence, 1998). 
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O. CRATAEGUS SPP. 


Crataegus spp. (Crataegus oxyacantha, Crataegus laevigata, and Crataegus 
monogyna), commonly known as Hawthorn of Rosaceae family, is a spiny 
bush or small tree that grows up to 7.5 m in height. The leaves, flowers, bark, 
and fruit contain the flavonoid pigments, hyperoside and vitex rhamnoside. 
The flavonoid constituents from hawthorn have been frequently reported 
(Fisel, 1965, 1966; Lewak, 1969). Hawthorn has been frequently studied in 
the prevention and treatment of atherosclerosis. A hawthorn preparation, 
when administered to animals, resulted in the lowering of blood viscosity and 
the fibrinogen level. Another report found that the tincture of hawthorn 
increased bile acid excretion and decreased the cholesterol synthesis in rats. 
The mechanisms involve an upregulation of hepatic LDL receptors, resulting 
in a greater influx of cholesterol into the liver. Hawthorn has also been found 
to enhance cholesterol degradation (He, 1990; Rajendran et al., 1996). 


P. VITIS VINIFERA 


Vitis vinifera, which is commonly known as grapes, is a deciduous climbing 
plant, native to southern Europe and western Asia but is cultivated in warm 
temperature regions through the world (Ensminger et al., 1994). Grapes are a 
rich source of polyphenolic compounds and flavonoids including quercetin, 
catechins, myricetin, kaempferol, and the isomers of resveratrol are the main 
constituents (Soleas et al., 1995; Stein et al., 1999). Flavonoids in red wine, 
especially quercetin, are said to be far more effective than vitamin E in 
preventing the oxidation of LDL cholesterol, which is a contributor to the 
development of atherosclerosis. Proanthocyanins in red wine are both radical 
scavengers and xanthine oxidase inhibitors. /n vivo lipid peroxidation has 
been implicated in many coronary malfunctions, including atherosclerosis 
and other ailments like aging and cancer. Phenolic constituents also inhibit 
cyclooxygenase and LOX in platelets and macrophages, thereby reducing 
thrombotic tendencies. 


Q. PORTULACA OLERACEA 


Portulaca oleracea commonly known as purslane belongs to the family 
Portulacaceae and is an herbaceous cosmopolitan weed. P. oleracea is one of 
the major sources of omega-3 fatty acids and was found to produce beneficial 
effects on cholesterol and triglyceride levels in heart disease and in 
strengthening the immune system. The plant also possesses marked 
antioxidant activity (Reid, 1986; Chevallier, 1996; Hocking, 1997). 
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R. CYNARA SCOLYMUS 


Cynara scolymus, also known as artichoke, belongs to the family Compositae 
and is a perennial herb widely cultivated in the Mediterranean regions and 
adjoining parts of central Europe. Artichoke is found to contain high amounts 
of flavone glycosides (Hammouda, 1993; Fleming, 1998; Gebhardt, 2001), 
volatile oils (Hammouda, 1993), bitter sesquiterpene principles (Gebhardt, 
1998), phytosterol, tannins, and sugars (Hammouda, 1993). An in vitro study 
determined that artichokes inhibit cholesterol biosynthesis by indirectly 
modulating and inhibiting HMG-CoA reductase, the key enzyme in the 
biosynthetic pathway for cholesterol synthesis. The cynaroside and 
particularly the aglycone, luteolin, were mainly responsible for HMG-CoA 
reductase inhibition (Brown and Rice-Evans, 1998; Gebhardt, 1998; 
Anonymous, 1999; Gebhardt, 2001). The flavonoid of artichoke, luteolin, 
demonstrated anti-oxidant properties (Brown and Rice-Evans, 1998). A 
prospective study investigating 143 patients with TC greater than 280 mg/dl 
reported that patients given 1800 mg of dry antichoke extract per day versus 
placebo over a 6-week period experienced statistically significant changes in 
total and LDL cholesterol. TC was decreased by 18.5 versus 8.696 for the 
placebo, while TC was reduced 22.9 versus 6.396 for the placebo. Thus, dry 
artichoke extract was recommended to treat hypo-lipoproteinemia thereby 
reducing the risk of atherosclerosis and CHD (Brown and Rice-Evans, 1998). 


S. VACCINIUM MYRTILLUS 


Vaccinium myrtillus, commonly known as bilberry fruit, originates mainly 
from northern and central Europe (Bisset, 1994). This well known plant is 
rich in flavonoids, the polyphenolic compounds that promote anti-oxidant 
activity (Bisset, 1994). A study conducted on the antioxidative potential of 
V. myrtillus showed potent protective action on LDL particles during in vitro 
copper-mediated oxidation. The study concluded that this extract may be 
more potent than either ascorbic acid or butylated hydroxy-toluene in the 
protection of LDL particles from oxidative stress (Mitcheva, 1993; Bisset, 
1994). 


T. GLYCINE MAX 


The soybean plant, Glycine max, belongs to the family Leguminosae, and is 
found to possess a number of health benefits including anti-carcinogenic 
effects and improvements in cardiovascular and intestinal problems. The 
mechanisms responsible for the effect of soy on serum lipoproteins are not 
well known. Caroll (1991) and Potter (1995) reviewed various hypotheses 
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which include the amino acid composition of soy protein, interruption of 
the intestinal absorption of bile acids and dietary cholesterol, direct effects on 
the hepatic metabolism of cholesterol, alteration of the concentration of the 
hormone involved in cholesterol metabolism, and the effects of components 
such as isoflavones, fiber and saponins in soybeans. The cholesterol-lowering 
effect may be due to another constituent associated with soy protein that is 
either lost or liberated during the hydrolysis of the protein (Potter, 1995). 
Greaves et al. (2000) have reported that a soy protein diet decreased both 
plasma cholesterol concentrations and intestinal cholesterol absorption. 
However, the addition of a semi-purified soy extract rich in isoflavones to 
casein-lactalbumin protein did not improve plasma lipids or reduce 
cholesterol absorption. Furthermore, the addition of a conjugated equine 
estrogen to casein-lactalbumin protein did not improve plasma lipids or affect 
intestinal cholesterol absorption. Thus, a bioactive component of soy protein 
other than or in addition to the isoflavones such as the saponins, phytic acid, 
protein components, or the amino acid composition of the soy protein or the 
protein—isoflavone interaction may be involved in the lipid-lowering effects 
(Greaves et al., 2000). 


U. PLANTAGO PSYLLIUM 


Plantago psyllium, commonly known as plantain, belongs to the family 
Plantaginacea and is a perennial weed with worldwide distribution. About 
250 different varieties are available which are mostly herbs and/or shrubs 
characterized by basal leaves and inconspicuous flowers (Greaves ef al., 
2000). Plantain constituents include various acids like benzoic, caffeic, 
vanillic, and ursolic acids; alkaloids like boschniakine and amino acids. 
Flavonoids found in plantain include apigenin, baicalein, sctellarein and 
others (Greaves et al., 2000; Der Marderosian and Beutler, 2002). Many 
reports on psyllium have concluded that it can be helpful in treating various 
hyperlipidemias (Der Marderosian and Beutler, 2002). In animal studies, 
plantain lowered the total plasma lipids, cholesterol and triglycerides in 
atherosclerotic rabbits (Der Marderosian and Beutler, 2002). In a study of 28 
patients who took 3 doses (3.4 g/dose) per day compared with placebo for 8 
weeks, the psyllium-treated patients showed decreases in total serum 
cholesterol levels compared with the placebo group after 4 weeks. Decreases 
were also seen in LDL cholesterol and LDL/HDL ratio. At the end of 8 weeks, 
values for TC, LDL cholesterol and the LDL/HDL ratio were 14, 20, and 
1596, respectively, below baseline. This study suggested that a high- 
cholesterol level could be managed safely and easily by including psyllium 
preparations in the diet (Katcher and Koda, 1987). Psyllium seed was found 
to be more effective than P. ovata husk in reducing serum cholesterol in 
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normal patients. A report in 20 hypercholesterolemic pediatric patients on 
low-fat diets, however, found psyllium seed to be ineffective in lowering 
cholesterol or LDL levels (Der Marderosian and Beutler, 2002). 
A polyphenolic compound from the psyllium leaves was found to exhibit 
hypocholesterolemic activity, perhaps by the enhancement of cholesterol 
elimination as fecal bile acids (Der Marderosian and Beutler, 2002). 


V. RED YEAST RICE 


Red yeast dates back to 800 AD where it was described in the ancient Chinese 
Pharmacopoeia published during the Ming dynasty (Der Marderosian and 
Beutler, 2002). The yeast is grown on rice so that the crimson organism 
permeates the rice; then it is ground to a powder. It is a mild non-poisonous 
yeast thought to be useful for gastric problems such as indigestion. Monascus 
purpureus yeast is made by a fermentation process using cooked non- 
glutinous rice. It has been used traditionally in China as food and medicine 
(Der Marderosian and Beutler, 2002). The commercial product contains 0.4% 
naturally occurring HMG-CoA reductase inhibitors of which lovastatin and 
biologically active hydroxyl acids are the most abundant. One of the most 
significant aspects of red yeast rice is its 9 HMG-CoA reductase inhibitors, as 
well as the isoflavones, unsaturated fatty acids and trace elements such as 
selenium (Katcher and Koda, 1987). Over two dozen clinical studies 
demonstrate its effectiveness. For example, a TC decrease of 17% and a 
22.496 decrease in LDLs were demonstrated in a clinical trial conducted at 
UCLA. Hypercholesterolemia is treated aggressively with statin drugs, very 
potent inhibitors of HMG-CoA reductase, and the rate-limiting enzyme in 
cholesterol biosynthesis at the mevalonate level. Lovostatin's action is its 
conversion to mevinolin in the body. Mevinolin is the active principle found 
in red yeast rice, which enzymatically inhibits mevalonate, thus lowering 
cholesterol. It also has anti-oxidant properties. Numerous clinical trials 
suggest that red yeast rice (Monascus purpureus) has comparable therapeutic 
effects without the side effects of the statin drugs (Der Marderosian and 
Beutler, 2002). 


W. MILK THISTLE (SILYBUM MARIANUM) 


Silybum marianum is commonly known as milk thistle or holy thistle. 
Silybum is indigenous to Kashmir, India but is also found in North America. 
It grows to a height of 5—10 ft and has large prickly leaves. The milk thistle 
seed extract contains a bioflavonoid complex known as Silymarin, which 
consists of silybin, silidianin, and silicristin (Leung, 1980; Katcher and Koda, 
1987). Silybin is the most biologically active component with regard to its 
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anti-oxidant and hepatoprotective properties (Arnone et al., 1979). It exerts 
anti-oxidant and membrane-stabilizing activities, attributes important for 
liver secretion and uptake of plasma lipoproteins. Inhibition of HMG-CoA 
reductase in vitro has been demonstrated with therapeutic application of milk 
thistle, implying its possible direct influence on liver cholesterol metabolism. 
Milk thistle can be compared to probucol, a hypocholesterolemic anti-oxidant 
drug. In contrast to probucol, milk thistle caused an increase in HDL 
lipoproteins and a decrease in liver cholesterol content, both additional 
benefits. Administration of silymarin at 420 mg/day for 3 months to 14 type II 
hyperlipidemic patients resulted in a slight decrease in TC and HDL- 
cholesterol levels (Benda et aL, 1980). The biliary cholesterol and 
phospholipid concentrations in rats were also slightly reduced. The silybin- 
induced reduction of biliary cholesterol both in rats and humans may be due 
in part to the decreased liver cholesterol synthesis (Lorenz et al., 1982; Feher 
et al., 1989; Schulz et al., 1998). 


X. LINUM USITATISSIMUM 


Linum usitatissimum, commonly known as flaxseed, belongs to the family 
Linaceae. Flaxseed is the richest food source of lignans, one of the major 
groups of phytoestrogens (Thompson ef al., 1991) and is incorporated into 
human diets because of its reported health benefits. Lignans have been 
implicated as having anti-tumorigenic (Thompson et al., 1996), estrogenic 
and/or anti-estrogenic, and antioxidant (Collins et al., 1997; Prasad, 2000) 
properties. Prasad (2000) reported that rabbits receiving secoisolariciresinol 
diglucoside, the major lignan found in flaxseed, had reduced total and LDL- 
cholesterol concentrations. Lignans have also been shown to modulate 
activities of 7-hydroxylase and acyl CoA cholesterol transferase (Kitts et al., 
1999), two of the key enzymes involved in cholesterol metabolism. Sanghvi 
et al. (1984) concluded that the reduction in hypercholesterolemic 
atherosclerosis induced by flaxseed is due to a decrease in total serum 
cholesterol and LDL cholesterol and that the anti-atherogenic activity of 
flaxseed is independent of its linolenic acid content. However, the 
hypocholesterolemic effects of whole flaxseed can also be attributed, in 
part, to its linolenic acid and fiber components (Bierenbaum et al., 1993; 
Cunnane et al., 1995; Prasad, 1997; Jenkins et al., 1999). The hypocholester- 
olemic effects of linolenic acid have been reported in both animals (Garg 
et al., 1989) and humans (Chan et al., 1991). Garg et al. (1989) demonstrated 
that feeding a linolenic acid-rich diet to rats lowered serum cholesterol levels 
more effectively than a diet rich in linoleic acid. Flaxseed reduced serum 
levels of both apo B and apo A-1 (Jenkins et al., 1999). The soluble fiber 
mucilage present in flaxseed may also contribute to the observed 
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hypocholesterolemic properties (Edralin et al., 2002; Brown et al., 1999; 
Prasad, 1999; Lucas et al., 2002). 


Y. ALLIUM SATIVUM 
1. Usage in medicine 


Allium sativum, commonly known as garlic, is a perennial herb having bulbs 
with several cloves enclosed in a silky white or pink envelope of the skin. It is 
a popular spice added to several edible preparations all over the world since 
ancient times. It has also found its use as a folk remedy for a variety of 
ailments. The hypolipidemic effect of A. sativum is well documented. Garlic 
acquired a reputation in the folklore of many cultures over centuries as a 
formidable prophylactic and therapeutic medicinal agent. To date, many 
favorable experimental and clinical effects of garlic preparations, including 
garlic extract, have been reported. Some of the earliest references to this 
medicinal and culinary plant are found on Sumerian clay tablets dating from 
2600 to 2100 Bc (Banerjee and Maulik, 2002). Garlic was an important 
medicine to the ancient Egyptians listed in the medical text Codex Ebers (ca. 
1550 BC), especially for the working class involved in heavy labor (Moyers, 
1996; Lawson, 1998). There is evidence that during the earliest Olympics in 
Greece, garlic was fed to the athletes for increasing stamina (Lawson, 1998). 
In ancient Chinese medicine, garlic was prescribed to aid respiration and 
digestion, and most importantly, for treating diarrhea and worm infestations 
(Woodward, 1996). Three ancient medical traditions in India, i.e., Tibbi, 
Unani and Ayurveda, made extensive use of garlic as a central part of the 
healing efficacy of plants (Moyers, 1996). The leading Indian ancient medical 
text, Charaka-Samhita recommends garlic for the treatment of heart disease 
and arthritis. In another ancient Indian medical textbook, Bower Manuscript 
(~ 300 AD), garlic was used for fatigue, parasitic disease, digestive disorders, 
and leprosy (Rivlin, 1998). With the onset of the Renaissance period, 
increasing attention was paid in Europe to the medical use of garlic. A leading 
physician of the 16th century, Pietro Mattiali of Siena, prescribed garlic for 
digestive disorders, infestations with worms, and renal disorders, as well as to 
help mothers during difficult childbirth (Moyers, 1996). In England, garlic 
was used for toothache, constipation, dropsy, and plague (Rivlin, 1998). In 
the modern era, scientists have been trying to validate many of these 
properties of garlic, especially in terms of the identity of the active 
components, their mechanisms of action, and the exploration of the potential 
benefits as food supplements. The effects of A. sativum juice, as well as that of 
the essential oil extract of an equivalent amount of A. sativum, was studied on 
alimentary hyperlipidemia, blood coagulation time, and serum cholesterol 


HYPOLIPIDEMIC BOTANICALS 319 


levels; both the juice and the essential oil of A. sativum were found to have 
significant protective action against fat-induced fibrinogen. Both garlic 
products caused a decrease in fibrinolytic activity as well as coagulation time. 
Both raw and boiled forms of A. sativum were reported to decrease total 
serum cholesterol (Sharma, 1997). 


2. Phytoconstituents in garlic 


Raw garlic homogenate has been the major preparation of garlic subjected to 
intensive scientific study because it is the commonest form for garlic 
consumption. Raw garlic homogenate is essentially the same as an aqueous 
extract of garlic, which has been used in various scientific studies. Allicin 
(allyl 2-propenethiosulfinate or diallyl thiosulfinate) is thought to be the 
principal bioactive compound present in aqueous garlic extract or raw garlic 
homogenate. When garlic is chopped or crushed, allinase enzyme, present in 
garlic, is activated and acts on alliin (present in intact garlic) to produce 
allicin. Other important sulfur-containing compounds present in garlic 
homogenate are allyl methyl thiosulfonate, 1-propenyl allyl thiosulfonate 
and y-L-glutamyl-S-alkyl-L-cysteine. The adenosine concentration increases 
several-fold as the homogenate is incubated at room temperature. The 
enzyme allinase responsible for converting alliin (S-allyl cysteine sulfoxide) 
to allicin is inactivated by heat. Thus, the water extract of heat-treated garlic 
contains mainly alliin. Since garlic powder is simply a dehydrated, pulverized 
garlic clove, the composition, especially the allinase activity of garlic powder 
is identical to that of fresh garlic. However, the dehydration temperature 
should not exceed 60°C, above which allinase is inactivated (Lawson, 1998). 
Another widely studied garlic preparation is AGE. Sliced raw garlic stored in 
15-20% ethanol for 20 months is referred to as AGE. This whole process is 
supposed to cause considerable loss of allicin and increased activity of certain 
newer compounds, like S-allylcysteine (SAC), S-allyImercaptocysteine, 
allixin and selenium which are stable, highly bioavailable and have 
significant antioxidant activity (Borek, 2001). Another recently identified 
antioxidant compound of AGE is N-a-(1-deoxy-Dp-fructos-1-yl)-L-arginine 
(Fru-Arg), which is not present in raw or heat-treated garlic (Ryu et al., 2001). 
Medicinally used garlic oil is mostly prepared by steam-distillation process. 
Steam-distilled garlic oil consists of the diallyl (5796), allyl methyl (3796) and 
dimethyl (6%) mono- to hexasulfides. A typical commercial preparation of 
garlic oil contains diallyl disulfide (DADS, 26%), diallyl trisulfide (DATS, 
19%), allyl methyl trisulfide (15%), allyl methyl disulfide (13%), diallyl 
tetrasulfide (8%), allyl methyl tetrasulfide (6%), dimethyl trisulfide (3%), 
pentasulfide (4%) and hexasulfide (1%). Oil-macerated garlic oil contains the 
vinyl-dithiins and ajoenes. Ether extracted garlic oil (essential oil) contains 
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nine times as much of the vinyl-dithiins (5.7 mg/g) and allyl sulfides 
(1.4 mg/g) and four times as much of the ajoenes (0.4 mg/g) (Lawson, 1998). 
Garlic and its various preparations have been widely recognized as agents 
for prevention and treatment of atherosclerosis, hyperlipidemia, thrombosis, 
hypertension and diabetes. The effectiveness of garlic in the treatment of 
cardiovascular diseases appeared to be encouraging in experimental studies, 
which prompted several clinical trials. The efficacy of garlic for the treatment 
of various diseases has been increasingly subjected to rigorous scientific 
investigations. Garlic appears to be the cheapest way to prevent hyperlipe- 
demia as well as cardiovascular disease (Banerjee and Maulik, 2002). 


3. Therapeutic effect of garlic in hyperlipidemia and atherosclerosis 


Garlic is best known for its lipid-lowering and anti-atherogenic effects. In 
cases where dietary therapy may not be sufficient to control lipid levels, 
natural compounds can lower cholesterol levels and, in general, are less 
expensive than drugs. The composition and method of preparation of garlic 
supplements may contribute to efficacy of garlic preparations in lowering 
cholesterol levels. There are conflicting studies on the effectiveness of garlic. 
Since the 1980s, four out of five studies have shown that garlic lowers 
cholesterol. Allicin, the major component of garlic imparting the character- 
istic garlic odor is mainly responsible for the hypolipidemic activity. The 
commercially prepared alliin or odorless garlic is converted to allicin in the 
body. Garlic reduces atherosclerosis by inhibiting platelet aggregation, 
increasing fibrinolysis, enhancing antioxidant activity, and reducing serum 
lipids in general to lower cholesterol levels and other significant risk factors 
for CAD (Banerjee and Maulik, 2002). Several animal and human studies 
have proven the efficacy of garlic as a herbal remedy to reduce a multitude of 
risk factors, which play a decisive role in the genesis and progression of 
arteriosclerosis including decreases in total and LDL-cholesterol, a decrease 
in HDL-cholesterol, a reduction of serum triglyceride and fibrinogen 
concentrations, the lowering of arterial blood pressure and the promotion of 
organ perfusion, and, finally, enhancement in fibrinolysis, inhibition of 
platelet aggregation, and diminution of plasma viscosity (Jain, 1975). Several 
groups of investigators (Jain, 1975, 1977; Bordia et al., 1977; Chang and 
Johnson, 1980; Kamanna and Chandrasekhara, 1984; Mand et al., 1985; 
Schwartz et al., 1993) studied the effects of long-term (2—9 months) feeding 
of garlic and garlic preparations (2% garlic powder in diet) on experimental 
atherosclerosis induced by a high-cholesterol diet in rabbits. Most of these 
studies reported a statistically significant reduction in atheromatous lesions, 
particularly in the aorta, that averaged about 5096. The chronic effects of 
garlic on lipid metabolism in rats were also encouraging. The duration of 
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these studies was at least 4 weeks. Garlic (1—4% in diet) and garlic protein 
administration in hypercholesterolemic rats induced by a high-cholesterol 
diet, significantly reduced serum cholesterol, triglyceride and LDL 
cholesterol levels (Chang and Johnson, 1980; Rajasree et al., 1999; Mathew 
and Daniel, 1996; Qureshi et al., 1983; Kamanna and Chandrasekhara, 1982; 
Chi, 1982; Chi et al., 1982) but had no effect on serum HDL. Total lipid 
content and cholesterol levels in liver were also decreased in rats after chronic 
garlic consumption. Since 1975, there have been more than 46 human studies 
on the lipid-lowering effects of garlic and garlic preparations. These studies 
were mostly randomized, double blind, and placebo-controlled using garlic 
powder rather than raw garlic for periods of 4—16 weeks, in hyperlipidemic 
patients. Most of these studies showed a significant decrease in serum 
cholesterol and serum triglyceride (Banerjee and Maulik, 2002). Only about 
one-third of these studies measured lipoproteins, where significant favorable 
changes in the LDL-cholesterol level (11—2646 decrease) were consistently 
observed. A few studies using garlic powder (having low allicin yields) failed 
to show any lipid-lowering effects (Lutomski, 1984; Luley et al., 1986). 
During the last decade, 18 clinical studies have been published regarding the 
hypolipidemic effect of garlic. Nine studies showed negative results, and 
garlic powder was used in seven of these studies (Simons et al., 1995; 
Berthold and Sudhop, 1998; Isaacsohn et al., 1998; McCrindle et al., 1998; 
Byrne et al., 1999; Rahman and Billington, 2000; Superko and Krauss, 2000; 
Gardner et al., 2001; Ziaei et al., 2001). The differences in the composition 
and quantity of sulfur components of different garlic preparations used in 
various studies could account for the inconsistent findings. It highlights the 
need for standardization of different garlic preparations. Other factors might 
also have affected the inconsistent results including subject recruitment, the 
duration of study, dietary control, lifestyle, and methods of lipid analyses 
(Warshafsky et al., 1993; Silagy and Neil, 1994). 

Four meta-analysis of randomized, placebo-controlled human studies on 
the hypocholesterolemic effects of garlic are available (Warshafsky ef al., 
1993; Silagy and Neil, 1994; Neil et al., 1996; Stevinson et al., 2000). The 
analyses further detected that the extent of the cholesterol-lowering properties 
of garlic differed markedly from one study to another. Warshafsky and his 
colleagues deduced from five randomized clinical trials that hypercholester- 
olemic patients treated with garlic had a mean plasma cholesterol 
concentration that was 946 lower than that of patients treated with placebo 
(Warshafsky et al., 1993). Silagy and Neil analyzed 16 trials, with data from 
952 subjects in a meta-analysis (Silagy and Neil, 1994). Garlic, in powder and 
non-powder form, significantly lowered serum lipid levels over a 1—3 month 
period. Serum cholesterol fell by 8% with dried powder preparations and 15% 
with non-powder preparations. The serum triglyceride level also dropped 
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significantly, while HDL-cholesterol was essentially unchanged. Amongst 
the garlic powder preparations, these effects appeared to be similar across the 
daily dose-range of 600—900 mg. Another meta-analysis (Neil et al., 1996) 
revealed that there was no significant difference in the mean concentrations of 
serum lipids, lipoproteins or apo Al or B amongst the groups receiving garlic 
(900 mg/day of dried garlic powder standardized to 1.3% allicin) and 
placebo. In this meta-analysis, garlic was less effective in reducing TC than 
suggested by previous meta-analyses. However, in a more recent meta- 
analysis of 13 trials (Stevinson et al., 2000), garlic reduced the TC level from 
baseline significantly more than placebo, while six diet-controlled trials with 
the highest scores for methodological quality revealed a nonsignificant 
difference between garlic and placebo groups. The available data suggest that 
garlic is superior to placebo in reducing TC levels. However, the size of the 
effect is modest, and the robustness of the effect is debatable. Therefore, the 
hypocholesterolemic effect of garlic remains to be firmly established 
(Banerjee and Maulik, 2002). The protective effect of garlic on athero- 
sclerosis has been attributed to its capacity to reduce the lipid content of the 
arterial wall. Garlic causes direct anti-atherogenic (preventive) and anti- 
atherosclerotic (causing regression) effects at the level of the artery wall 
(Orekhov and Grunwald, 1997). Garlic depressed the hepatic activities of 
lipogenic and cholesterogenic enzymes such as malic enzyme, fatty acid 
synthase, glucose-6 phosphate dehydrogenase and HMG-CoA reductase 
(Yu-Yan and Liu, 2001). Garlic also increased the excretion of cholesterol, as 
manifested by enhanced excretion of acidic and neutral steroids after garlic 
feeding (Chi et al., 1982). LDL isolated from human subjects given AGE 
(Munday et al., 1999) and aqueous garlic extract (Lewin and Popov, 1994) 
was found to be significantly more resistant to oxidation. These data indicate 
that suppressed LDL oxidation may be one of the powerful mechanisms 
accounting for the benefits of garlic in atherosclerosis (LauBenjamin, 2001). 
The first investigated, active compound responsible for the anti-athero- 
sclerotic effect was alicin, however, recent in vitro studies revealed that 
water-soluble organosulfur compounds, especially SAC, present in AGE and 
DADS, present in garlic oil are also potent inhibitors of cholesterol synthesis 
(Gebhardt and Beck, 1996). 


IV CONCLUSION 


Atherosclerosis is a complex disease, characterized by an excessive 
inflammatory, fibro-fatty, proliferative response to damage of the artery 
wall involving several cell types, particularly smooth muscle cells, monocyte- 
derived macrophages, T-lymphocytes and platelets (Schwartz et al., 1993). 
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Hyperlipidemia constitutes a major etiopathological factor for atherosclerosis. 
Most recent findings indicate a multi-faceted cause to the problem of 
cardiovascular disease, including excessive intake of saturated fats, 
carbohydrate metabolic dysfunction, nutritional deficiencies, hormonal 
imbalance, and a high-stress lifestyle. Different people seem to oxidize 
cholesterol differently. In addition, certain mechanisms in the body may have 
gone awry, such as impaired liver LDL receptor uptake in FH. Lowering, but 
not eliminating, the intake of saturated fats is advisable. Nature has provided 
specific compounds capable of augmenting dietary and lifestyle changes for 
improved cardiovascular health and may afford a way to lower cholesterol 
without resorting to synthetic drug preparations and their potential side effects. 
Atherosclerosis results from multiple complex interactions among 
injurious stimuli and the healing or reparative response of the arterial wall 
occurring in a hyperlipidemic and dyslipoproteinemic environment 
(Schwartz et al., 1993). Events in the atherogenic cascade involve both 
environmental and genetic factors (Epstein, 1992). Despite the decline in 
rates of mortality due to heart diseases during the past two decades, 
cardiovascular diseases remain the most frequent cause of death (Carlson 
et al., 1979). Several large clinical trials have established that regulation of 
dyslipidemia through diet or diet plus pharmacotherapy reduces the incidence 
of CHD events (Carlson and Bottiger, 1985). The association of raised serum 
cholesterol with cardiovascular disease is well known. Some studies suggest 
that elevated serum triglyceride may also be a risk factor (Carlson et al., 1979; 
Carlson and Bottiger, 1985) especially in individuals with diabetes, since 
there is often a marked hyperlipidemia in diabetes (Beteridge, 1989). 
Moreover, diabetic patients experience a two-to-three-fold increase in 
cardiovascular morbidity and mortality when compared with nondiabetics. 
The beneficial effect of lowering elevated serum cholesterol levels on the 
prevention of CHD has been well established (Lipid Research Clinic 
Program, 1984). Dietary intervention has been recommended for all subjects 
with a LDL level of more than 160 mg/dl (Huttunen et al., 1991). In addition 
to the quantity of fat and the polyunsaturated/saturated fat ratio, other dietary 
factors also play a role in the management of hyperlipidemia. Several studies 
have shown that dietary fiber, particularly soluble fiber, has considerable 
influence on serum cholesterol levels (Dreher, 1987; Miettinen, 1987). 
Herbs have been used as medical treatments since the beginning of 
civilization and some herbal derivatives (e.g., aspirin, reserpine, and digitalis) 
have become a mainstay of human pharmacotherapy. For cardiovascular 
diseases, herbal treatments have been used in patients with congestive heart 
failure, systolic hypertension, angina pectoris, atherosclerosis, cerebral 
insufficiency, venous insufficiency, and arrhythmia. Scientific validation of 
several plant species has proved the efficacy of the botanicals in reducing the 
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cholesterol levels. From the reports on their potential effectiveness against 
hypercholesterolemia, it is assumed that the botanicals have a major role to 
play in the management of hyperlipidemia, which need further exploration for 
necessary development of drugs and nutraceuticals from natural resources 
(Mukherjee, 2001, 2002). However, many herbal remedies used today have 
not undergone careful scientific assessment, and some have the potential to 
cause serious toxic effects and major drug-to-drug interactions. Continuing 
research is necessary to elucidate the pharmacological activities of the many 
herbal remedies now being used to treat hyperlipidemia, atherosclerosis and 
other cardiovascular diseases. 
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Caseins 
see also milk proteins 
Qs1-casein, transglutaminase gelatinization, 
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immunosuppressive effect, 180 
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Citrus flavonoids, 283, 294 
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Clinical evaluations, Echinacea, 156—159 
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Colostrum, 178—179, 195-196, 201—202 
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Coraindrum sativum, 299, 304 
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DADS see diallyl disulfide 
Dairy cows, 92-93 
Dairy proteins see caseins; milk proteins; whey 
proteins 
Defense mechanism see immune system 
Denaturation, 35-37 
Diabetes, 311 
Diallyl disulfide (DADS), 298, 319 
Diet 
bioactive peptides and proteins, 175-276 
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selenium supplementation, 94 enzymatic protein processing, 38—40 
Emblica officinalis, 309 esterification, 17—23 
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23, 24 B-lactoglobulin glycation, 30—32 
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proteolytic modification, 38—39, 40 Fungal polysaccharides, 282, 297 
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recombinant, 53—57 immune milk preparations, 197—200 
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Familial hypercholesterolemia (FH), 290 Glutathione peroxidases (GSH-Px), 87—88, 89, 
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F. religiosa, 289 GMP see glycomacropeptide 
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Foaming Growth factors, 179, 201—202 
p-lactoglobulin after glycation, 32 GSH-Px see glutathione peroxidases 
phosphorylated caseins, 8, 9 Guanidination, 3 
proteolytic modification, 39—40 Guar gum, 283 
Food processing, 242—245 Guggul, 305—308 
Food supplements, 74, 91—94 Guggulipid, 283, 291, 305—308 
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HDL see high density lipoprotein 
Health Canada, 116, 147—148 
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Herbs, hypercholesterolemia, 298—324 
High density lipoprotein (HDL), 278—281, 290, 
295—296 
Histidine, 6 
HIV/AIDS, 154, 160 
HMG-CoA reductase, 279—280, 282, 291 
Hordeum vulgare, 288 
Horseradish, English, 304 
Human milk, 40 
Hydrolysis 
bioactive peptide production, 239—241 
bitter peptide formation, 41—42, 227 
B-casein ester derivatives, 16—17 
DNA complexes with esterified proteins, 
26-21 
enzymatic protein processing, 38—40 
a-lactalbumin ester derivatives, 16, 17 
p-lactoglobulin ester derivatives, 
10, 15-16 
recombinant enzyme design, 54—57 
selenomethionine analysis, 76—77 
whey proteins, 40—41 
(B-hydroxy-B-methylglutaryl)-CoA 
see HMG-CoA 
4-hydroxyisoleucine, 311 
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Curcuma longa, 308—309 
Cynara scolymus, 314 
Emblica officinalis, 309 
Glycine max, 314—315 
Inula racemosa, 309 
Linum usitatissimum, 317—318 
Monascus purpureus, 316 
Moringa oliefera, 304 
Oenothera biennis, 312 
Phyllanthus niruri, 299 
Plantago psyllium, 315-316 
Portulaca oleracea, 313 
Silybum marianum, 316—317 
Terminalia arjuna, 309—310 
Trigonella foenumgraecum, 310—311 
Vaccinium myrtillus, 314 
Vitis vinifera, 313 

indoles, 282, 296 

lycopene, 282, 285, 292 

mevinolin, 282, 297 

plant products, 278—279, 281—324 

propionate, 297 

resveratrol, 286, 206—297 

rice bran oil, 297 

saponins, 284, 295 

soybean protein, 282, 205—296 

sterols, 282, 284—287, 289—292 

sulfur-containing compounds, 282, 285, 

298 
tea polyphenolics, 283, 294—295 
unsaturated fatty acids, 284, 296 


Hypertension see antihypertensive activity Hypolipidemia 


Hypocholesterolemia, 277—338 
algal extracts, 297 
B-carotene, 282, 287, 292 
citrus flavonoids, 283, 294 
current therapies, 279—281 
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dietary factors, 281 I 
dietary fibers, 282, 284, 288-289 Ice-binding proteins, 205—206 
flavonoids, 282, 283, 292—294 IFN see interferons 
fungal polysaccharides, 282, 297 IGF-I/IGF-II see insulin-like growth factors 
herbs, 298—324 IL see interleukins 
Allium sativum, 318—322 Ileum-contracting peptides, 225 
Apium graveolens, 311—312 Immobilized enzymes, 53-54 
Apocynum venetum, 304—305 Immune milk preparations, 197—200 
Cicer arietinum, 305 Immune system 


Cichorium intybus, 312 
Commiphora mukul, 305—308 
Coraindrum sativum, 299, 304 
Crataegus spp., 313 
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k-casein, 180 

Echinacea, 148—153 
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glycomacropeptide, 180, 182, 193 
lactoferrin, 187—188 
selenomethionine, 90—91 
Immunoglobulins 
biological importance, 178, 195—196 
commercial utilization, 197 
milk and colostrum, 195-196 
structure and functions, 194—195 
technological properties, 196—197 
Immunopeptides 
bovine milk, 218—220 
milk proteins, 48—49 
proline-rich polypeptides, 220—221 
Indoles, 282, 296 
Inflammatory response, lactoferrin, 
187-188 
Injection, selenomethionine organ distribution 
after, 84—85 
Insulin-like growth factors (IGF-1/IGF-ID, 201 
Intake recommendations for selenium, 
101-102 
Interferons (IFN), 152 
Interleukins (IL), 149—150, 152-153 
Inula racemosa, 309 
Inulin, 142, 283 
Iron, 184, 185, 186, 236-237 
Isoflavones, 283 
Isolation techniques, bioactive proteins and 
peptides, 237—239 
Isracidin, 235 
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Juglans vigra, 288 
K 
Ketoalkenes/ketoalkynes, 115, 117—118, 121, 
124 
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a-la see a-lactalbumin 
Lachesis muta, 150 
a-lactalbumin (a-la) 
bioactivity, 178, 182—183 
DNA complexes with esterified derivatives, 
23, 25, 26-27 
esterification and ester derivatives, 14, 16, 
17, 20, 21, 23, 25 
isolation, 238 
thermal structural modifications, 35—37 
Lactoferricin, 47, 235 
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antimicrobial activity, 186—187, 222, 
223 
biological functions, 178, 185—187 
commercial applications, 189 
immune system, 187—188 
inflammatory response, 187—188 
isolation, 239 
milk protein antiviral effects, 25 
nutritional significance, 188—189 
structural and biochemical properties, 
184—185 
technological properties, 185 
p-lactoglobulin (B-1g) 
allergenicity reduction by hydrolysis, 40 
bioactivity, 178, 183—184 
DNA complexes with esterified derivatives, 
23, 25, 26-27 
esterification and ester derivatives, 10, 
11—14, 18—20, 23, 25 
gelation, 52-53 
glycation under mild conditions, 27—35 
isolation, 238 
limited proteolysis, 39 
oil water interface, 17 
phosphorylation, 8, 10 
thermal structural modifications, 35—37 
thermostability, 51—52 
Lactokinins, 214 
Lactoperoxidase, 179, 182, 189—191, 239 
Lactorphins, 45, 46, 208, 211, 212 
a-lactulosyllysine, 28 
LDL see low density lipoprotein 
Leukemia, 150—151 
B-lg see B-lactoglobulin 
Limited proteolysis, 38—40 
Linum usitatissimum, 317—318 
Lipoxygenase (LOX), 293 
Listeria monocytogens, 154—155 
Low density lipoprotein (LDL), 279—281, 
288—296 
LOX see lipoxygenase 
LP-system, 189—191 
see also lactoperoxidase 
Luobuma, 304—305 
Lycopene, 282, 285, 292 
Lymphocytes 
casein, 177, 180 
immunopeptides, 219—220 
in vivo whey proteins, 182 
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Lysine, 5—6, 8, 10, 27-28 
Lysozyme (LZM), 179, 202, 203 


M 
Maillard (nonenzymatic browning) reactions, 
27-35 
Marine phytoplankton, 79-80 
Membrane separation, 237, 238, 239, 241 
Metabolism, selenomethionine, 86—91 
Methanol, 11, 12, 14, 15 
Methionine 
see also selenomethionine 
selenomethionine comparison, 75 
selenomethionine replacement in proteins, 
82-83 
Methionine selenoxide, 75 
Mevinolin, 282, 297 
Microbial transglutaminase see transglutaminase 
Microorganisms 
see also antimicrobial activity 
bioactive peptides, 210, 211, 222—223, 
235 
glycomacropeptide, 192-3 
immune milk preparations, 197—200 
lactoferrin, 186—187 
LP-system, 189—191 
Milk 
allergenicity, 40 
bovine, 40, 178—179, 218—220 
LP-system preservation, 191 
Milk proteins 
see also caseins; individual milk proteins; 
whey proteins 
bioactive peptides and proteins, 176—202, 
207—212, 233 
chemical modification, 2—37, 58 
enzymatic processing, 37-50 
function, 176 
functional and biological property 
improvement, 1—71 
genetic engineering, 50—57 
liberation of bioactive peptides during 
processing, 242—245 
Milk thistle, 316—317 
Mineral-binding peptides, 49—50, 209, 
223—225, 235-231, 245 
Monascus purpureus, 316 
Monotes engleri, 294 
Moringa oliefera, 304 
Muscles, 83—84 
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N-esterification see esterification 
Nanofiltration, 238 
Nardostachyas jatamansi, 308 
Naringin, 287, 294 
Natural killer (NK) cells, 149—151 
Nervous system, 230-231 
Nicotinic acid, 279 
NK see natural killer 
Nonenzymatic browning reactions see Maillard 
reactions 
Nutraceuticals, 59 
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O-esterification see esterification 
Oenothera biennis, 312 
Opioid peptides, 207—212 

milk proteins, 45, 46, 48 

nervous system effects, 230—231 
Organoleptic perception, 18 
Organs, selenomethionine, 83—85 
Oryza sativa, 297 
Oxidation, 4 
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PBMC see peripheral mononuclear cells 
Pepsinolysis see peptic hydrolysis 
Peptic hydrolysis 

B-casein ester derivatives, 16—17 

a-lactalbumin ester derivatives, 16, 17 

B-lactoglobulin ester derivatives, 10, 15-16 
Peptides 

absorption, 228-230 

bioactive proteins and, 175-276 

bitterness, 41—42 

food protein derived bioactive, 207—237 

fraction enrichment, 239-241 
Peripheral mononuclear cells (PBMC), 153 
pH 

esterified milk protein functional properties, 

17-23 

whey protein denaturation, 35, 36, 37 
pH-solubility curves 

B-lactoglobulin glycation, 30-32 

phosphorylated caseins, 6, 7 
Phagocytosis, 149—150, 151—152, 154, 158 
Phenolic acids, 133 
Phenylpropanoid glycosides, 116 
Phosphoamidation, 5—6 
Phosphorylation, 2—10 
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Phyllanthus niruri, 299 
Phytoplankton, 79—80 
Phytosterols, 284, 289—292 
Pigs, 93, 95-96 
Plantago psyllium, 315—316 
Plantain, 315—316 
Plants 
see also individual plant names 
herbs, 298—324 
proteins, 203—205, 214-215 
seleniferous, 74, 77—79 
Polyphenol oxidase (PPO), 135—139 
Polyphenolics, 283, 292—295, 296—297 


Polysaccharides 
Echinacea, 117, 140—144, 152—153, 
154-155, 156 


hypercholesterolemia, 282, 297 
Portulaca oleracea, 313 
Poultry, 93-94 
PPO see polyphenol oxidase 
Pregnancy, 160 
Probucol, 281 
Product regulations, Echinacea, 147—148 
Production processes, bioactive proteins and 
peptides, 237—247 
Proline-rich polypeptides (PRP), 220—221 
Propanol, 14, 15 
Propionate, 297 
Prosopsis cinceria, 289 
Proteases, genetic engineering, 54—57 
Proteins 
absorption, 228—230 
animal, 216, 218 
bioactive peptides and, 175-276 
cross-linking, 42—45, 53 
esterification, 10—27 
milk, 1-71 
phosphorylation, 2—10 
plant, 203—205, 214-215 
selenomethionine replacement of 
methionine, 82—83 
Proteolysis 
bitter peptide formation, 41—42 
functional properties, 38—40 
selenomethionine analysis, 76—77 
PRP see proline-rich polypeptides 
Prunus davidiana, 294 
Purple coneflower see Echinacea 
Purslane, 313 
Pushkarmool, 309 
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Quality assurance, 145—147 


Quinyl esters of caffeic acid, 116 


R 
Rafuma, 304—305 
Rats, spontaneously hypertensive, 232—234 
Recombinant enzymes, 53—57 
Red yeast rice, 316 
Reductive alkylation, 3 
Regulations, Echinacea, 147—148 
Resveratrol, 286, 296—297 
Retention, selenomethionine, 85—86 
Ribose, 28, 29, 30, 31, 32, 34 
Rice bran oil, 297 


S 
SAC see S-allyl cysteine 
Saccharomyces cerevisiae see Se yeast 
Sajna, 304 
Saponins, 284, 295 
SDS-PAGE 
casein phosphorylation, 5 
esterified B-caseins, 16—17 
esterified a-lactalbumin, 14, 17 
B-lactoglobulin glycation, 29 
Se yeast, 74, 80-82 
animal feed supplement, 92-94 
selenomethionine determination, 76 
Selenate/selenite 
see also selenomethionine 
inorganic Se yeast preparations, 74, 82 
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